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ABSTRACT  
   
The accretion of juvenile island-arc lithosphere by convergent tectonism 
during the Paleoproterozoic, in conjunction with felsic volcanism, resulted in the 
assembly, ductile to partial brittle deformation, uplift, and northwest-directed 
thrusting of rocks in the McDowell Mountains region and adjacent areas in the 
Mazatzal Orogenic belt. Utilizing lithologic characteristics and petrographic 
analysis of the Proterozoic bedrock, a correlation to the Alder series was 
established, revising the stratigraphic sequences described by earlier works. The 
central fold belt, composed of an open, asymmetric syncline and an overturned, 
isoclinal anticline, is cut by an axial-plane parallel reactivated thrust zone that is 
intruded by a deformed Paleoproterozoic mafic dike. Finite strain analyses of fold 
geometries, shear fabrics, foliations, fold vergence, and strained clasts point to 
Paleoproterozoic northwest-directed thrusting associated with the Mazatzal 
orogen at approximately 1650 million years ago. Previous studies constrained the 
regional P-T conditions to at least the upper andalusite-kyanite boundary at peak 
metamorphic conditions, which ranged from 4-6 kilobars and 350-450⁰ Celsius, 
although the plasticity of deformation in a large anticlinal core suggests that this 
represents the low end of the P-T conditions. Subsequent to deformation, the 
rocks were intruded by several granitoid plutons, likely of Mesoproterozoic age 
(1300-1400 Ma).  A detailed analysis of Proterozoic strain solidly places the 
structure of the McDowell Mountains within the confines of the Mazatzal 
Orogeny, pending any contradictory geochronological data.   
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INTRODUCTION 
Purpose and Scope 
This study was directed at understanding the Proterozoic tectonic and 
structural history of the McDowell Mountains. The goals of the project were 
threefold: (1) to complete new geologic mapping and to revise and integrate 
existing maps into a new comprehensive geologic map, (2) to better constrain the 
stratigraphy of the Proterozoic units, and (3) to analyze the regional, mesoscale, 
and micro-scale structures in order to construct a more thorough structural history 
of the mountain range. Focus on the structural and stratigraphic relationships 
within the Proterozoic units was crucial to better place the McDowell Mountains 
within the larger context of the rest of central Arizona’s mountain ranges, and 
characterizing the relationships between the most prominent structural features in 
the range. 
Geographic Setting 
The McDowell Mountains are located approximately 10 miles northeast of 
Scottsdale, Arizona, on the northeast periphery of the greater Phoenix 
metropolitan area, and due west of the town of Fountain Hills (figures 1 and 2). 
The boundaries of the study are the Pinnacle Peak granite to the extreme north 
(Lon 33⁰ 41.590), Shea Blvd to the south (Lat 33⁰ 35.656), the town of Fountain 
Hills to the east, and the city of Scottsdale residential neighborhoods to the west. 
The eastern flank of the mountains is contained within the McDowell Mountain 
Regional Park, a 22,000 acre Maricopa County park situated in the lower Verde 
River basin. Directly to the west is the 17,000 acre McDowell Sonoran Preserve, 
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owned and maintained by the city of Scottsdale. Notable topographic features 
include the two highest peaks in the range: McDowell Peak (figure 3) and 
Thompson Peak (figure 4), both of which occupy the central region and exceed 
3900 feet in elevation. The most prominent feature in the north is Tom’s Thumb, 
a Mesoproterozoic granite body that exceeds 3500 feet in elevation. In the east-
central section of the range is the Dixie Mine, a claim established in the early 20
th
 
century, one which failed to achieve economic viability since its inception. Many 
other geographic locations are referenced in the study area, and they are labeled 
on the geographic features map (figure 5). 
Physiography 
The McDowell Mountains are situated at the northern edge of the Arizona 
section of the Cenozoic Basin and Range province, within the Mazatzal Orogenic 
belt of Proterozoic age. The ridge crests in this range trend northeast in the central 
section of the mapping area, and north to northeast in the southern and northern 
thirds of the range. The topographically lowest section of the study area is to the 
southwest. Although dry throughout most of the year, incision by streams is 
sharp. Elevation profiles vary widely, containing relatively flat areas in the central 
part of the range to prominent cliff formations in the north. Overall, the 
topography is very steep and in some limited areas is wholly inaccessible due to 
the near-vertical slopes.  
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Figure 1. Regional map and study area 
 
 
N 
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Figure 2. Shaded relief map (in feet) of the McDowell Mountains, colored by 
elevation. 
Shaded Relief Map of the McDowell Mountains 
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Figure 3. Photograph, facing NW from the Dixie Mine ridge, showing the East 
End granite (far right), and McDowell Peak (far left). Vance 2011. 
NW 
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Figure 4. Photograph of Thompson Peak (background, with communications 
tower) facing southeast, composed of Paleoproterozoic quartz-mica-schist 
metavolcanic rocks. The foreground units are the metasedimentary rocks that 
comprise the Dixie Mine anticline. Vance 2012. 
 
SE 
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Figure 5. Geographic features map (with contours) of the main reference locations 
in the McDowell Mountains. 
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Previous Work 
Previous work in the McDowell Mountains was undertaken by 
Christenson, Welsch, and Péwé (1979), (1981), and  Skotnicki (1996). 
Christenson, Péwé, and Welsch conducted the first thorough study, published as a 
map folio by the State of Arizona’s Bureau of Geology and Mineral Technology. 
Their work focused on the southern and western part of the range, especially the 
surficial geology and related geomorphologic characteristics, but their study also 
included maps of bedrock geology and landform. Couch conducted petrological 
research in the north and east region for a Master’s thesis at Arizona State 
University. Although Couch completed a generalized geologic map of this area, 
he focused predominantly on the metamorphic history of the mountains rather 
than on bedrock geological mapping. The primary result of his studies was the 
characterization of the metamorphic isograds and P-T conditions of the McDowell 
Mountains. Dr. Skotnicki’s project, funded in part by the AZGS and the USGS, 
centered primarily in the Sawik Mountain and Granite Reef Dam quadrangles, 
and included limited sections of the McDowell Mountain and the Fort McDowell 
quadrangles. Near the completion of this study, Skotnicki indicated that he is 
currently working on additional mapping and interpretation of the McDowell 
Mountains depositional and structural history. The last work relied upon by this 
study was undertaken by Vance, Beam, and Murray (2011), in which the 
geochemistry of the water, soil, and wall rock at the Dixie Mine area was 
thoroughly characterized by XRD, IC-PMS, and geochemical field tests in the 
flooded mine shafts, as well as the surrounding soil.  
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Methods of Investigation 
Reconnaissance field mapping began in June 2011 and ended in 
September 2012. More detailed mapping of the central fold belt was undertaken 
throughout this time. Multiple structural methods were employed for different 
units and their lithologies. Deciphering the structural history of the 
metasedimentary units centered on documenting the character and orientation of 
various structures, delineating fold geometries, exploring bedding/cleavage 
relationships, examining the units for facing indicators, and describing deformed 
sedimentary features, including those useful for finite strain analysis. The 
metavolcanic rocks required field structural measurements and oriented 
petrographic thin section analyses to establish sense of shear direction. The 
fabrics in the Proterozoic granitoids were also described in order to determine the 
nature of the contacts between the pluton and the country rock.   
Additionally, base maps and cross sections were constructed manually and 
digitized with ArcGIS 10 and finalized in Adobe Illustrator. The data were 
uploaded into an ArcGIS database. Structural data were analyzed in multiple 
programs to produce planar and contour density plots, stereographic projections, 
rose diagrams, and histograms.  
Conventions 
Attitude data are presented in degrees azimuth (000-359), and in all cases 
dip direction is expressed by the North American right-hand rule, in which the 
strike is reported in the direction where the dip is to the right. Geographic units 
are in decimal degrees. Geological map(s) were completed at the 1:24000 scale 
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with contour intervals of 50 feet in the UTM coordinate system. Stereographic 
figures are presented on an equal-area lower hemisphere projection onto a Wulff 
stereonet, and generated by OpenStereo, Orient, and WinStereo. Contour density 
plots of poles-to-planes were calculated using the Fisher distribution method.  
Abbreviations and Nomenclature 
D1 First deformational event (Mazatzal Orogeny) 
D2 Second deformational event  
D3 Third deformational event  
S1 Main foliation/cleavage 
S2 Second-generation foliation/cleavage 
S3 Locally penetrative crenulation fabric 
F1 Primary folds (isoclinal) 
F2 Folds associated with crenulated cleavage 
F3 Folds associated with crenulation fabric 
DMA Dixie Mine anticline 
HRS Horseshoe Ridge syncline 
X Paleoproterozoic era 
Y Mesoproterozoic era 
T Tertiary period 
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GEOLOGY AND STRATIGRAPHY 
General Bedrock Geology 
The McDowell Mountains bedrock consists predominantly of 
Paleoproterozoic metavolcanic and metasedimentary rocks with a well-developed, 
main foliation (S1) that dips moderately to steeply to the southeast. Except in a 
central fold belt, bedding and main foliation are oriented parallel to subparallel to 
one another. A weakly developed subordinate foliation (S2), oblique to S1 but 
exhibiting few crosscutting relationship, occurs in several of the units that are 
micaceous enough to display this fabric. A crenulation fabric (S3) that intersects 
S1 occurs in only one unit.  The units are folded in a syncline-anticline pair (the 
Horseshoe Ridge syncline and the Dixie Mine anticline) that occurs in the central 
section of the mountains. 
The Paleoproterozoic units are intruded by Mesoproterozoic granite, 
granodiorite, and diorite plutonic rocks in the north, east-central, and south-
central parts of the mountain range. Although the granitoids were not directly 
dated, previous workers conducted K-Ar and fission track analyses on the 
Goldfield Mountains granite that yielded an age of 1390 +/- 35 My (Stuckless 
1972). Additionally, the nearby Four Peaks granite yielded a date of 1,410 Ma 
(Karlstrom et al. 1987), and the Verde River granite batholiths was dated to 
approximately 1,700 Ma (Duncan and Spencer 1993). 
In the southern section of the range, mid-Tertiary volcanic and 
sedimentary units overlie the Proterozoic rocks and mostly dip southeast. Tertiary 
magmatism manifests as both intrusive and extrusive rocks, including basalt dikes 
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and flows, rhyolite dikes and domes, welded ash flow tuffs, and volcanoclastic 
rocks. Tertiary basalts and fanglomerates are located almost exclusively in the 
extreme south, exposed in road cuts along Shea Boulevard, and to the east 
towards the town of Fountain Hills, whereas the intrusive counterparts occur in all 
sections of the range. 
Surficial Geology 
Unconsolidated Quaternary alluvium and colluvium, ranging from very 
fine sand to boulder deposits, are widely present. Christenson et al. (1979) 
published a detailed study of the surficial deposits, including a thorough 
classification of the caliche, of the southern McDowell Mountains, emphasizing 
environmental geology and natural hazards. Perhaps the most notable 
geomorphologic feature in the McDowell Mountains is the Marcus Landslide, one 
of the largest Quaternary landslides in Arizona. This granitic landslide is located 
on the eastern slope of the northeast section of the range (Douglas et al. 2004). 
Stratigraphy 
The stratigraphic sequence (figure 6) of the Proterozoic units in the 
McDowell Mountains proved somewhat problematic for past researchers, whose 
characterization was hindered by structurally deformed contacts between units 
and by a lack of sedimentary facing indicators. Both of these occur, at least in 
part, in the metasedimentary rocks; however, facing indicators in the 
metavolcanic rocks are absent in outcrop.   
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Figure 6. Generalized bedrock stratigraphy 
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The oldest unit’s protolith was identified as a rhyolite deposit (Christenson 
et al. 1979). The authors named it the Taliesin Quartzite. During the course of this 
study, petrological and structural evidence required a new name and 
characterization of this unit. The lithology strongly indicates that these rocks, 
although predominantly silicic, are not quartzite; rather, the appropriate 
classification is that of a crystal lithic tuff that experienced widespread 
silicification. The Taliesin Quartzite occurs as two units separated by a northeast-
southwest-trending anticline: the northernmost outcrops are from an older, more 
felsic and finely foliated deposit that predates the metasedimentary rocks and 
comprises the underside of the upright Horseshoe Ridge syncline. The 
southernmost outcrops exhibit an intermediate composition and occurred from 
later volcanic eruptions that post-date the metasedimentary rocks. Consequently, 
we have identified this unit as two distinct end members of the stratigraphic 
sequence, renamed the Taliesin Quartzite to the Taliesin Formation, and ascribed 
a unique description (metarhyolite) to the oldest section in the central and north. 
 Quartzites are present in the central and northern sections of the 
McDowell Mountains and represent the most extensive category of 
metasedimentary rocks in the range. These are separated into three texturally and 
lithologically distinct units:  
 Gray to blue-gray bedded quartzite; present in the central fold belt 
 Massive pink to red orthoquartzite; present in the central fold belt 
 Finely foliated micaceous quartzite unit that outcrops in the northeastern 
section of the range 
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Previous research by Couch (1981) focused on the compositional variation 
in the quartzites and categorized the units based largely on lithological differences 
rather than stratigraphic relationships. This study relies heavily on Couch’s 
petrographic work for the compositional characteristics of the rock units; 
however, stratigraphy in this study has been described by compositional 
variations, textural and color variations, and spatial relationships.  
A thorough reconnaissance of the range in this study revealed adequate 
(though not always abundant) depositional features in key areas that served as 
reliable sequence indicators.  Crossbeds, the most common sedimentary-facing 
indicator, are relegated primarily to the gray quartzite unit. The most definitive 
examples exist in outcrop in the core of the Dixie Mine anticline, both east and 
west of the Thompson Peak-McDowell Mountain ridgeline. Short-wavelength 
tabular and sinusoidal cross laminations, in conjunction with uncommon graded 
bedding and channels, were used to determine the facing direction, and therefore 
the depositional sequence. The contacts between the gray and red quartzite, 
although problematic for previous workers, were useful in this study in 
determining the stratigraphic relationship between these two units, largely 
because their often gradational areas contain small, but observable, cross beds in 
the alternating red and bluish-gray layers. Few areas of the red quartzite contained 
discernible facing indicators except in these gradational contacts that are 
comprised of alternating quartzite beds. 
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Paleoproterozoic Rocks 
Metarhyolite (Xmr) 
The Paleoproterozoic metarhyolite is the oldest of the rocks in the 
McDowell Mountains and is composed of two members: (1) a white to cream-
colored, very finely foliated metarhyolite with localized clastic metasedimentary 
lenses that comprises most of the exposed unit, and (2) subordinate subunits of 
greenish-black, thin metabasalt and meta-andesite layers. In total, the unit ranges 
from 1200-1400 meters thick. It is everywhere foliated and friable, and weathers 
into small plates and brownish flakes. Foliation strikes northeast and dips 
moderately to steeply to the southeast. The dominant felsic portion occurs as large 
exposed areas to the north and south of the Horseshoe Ridge syncline, and 
comprises the entirety of McDowell Peak. The matrix is medium to fine grained 
with localized lenses of terrigenous subrounded quartz grains that range from 0.1-
0.2 cm, and fine angular lithics suspended in a fine-grained quartzo-feldspathic 
matrix. Thin sections studied by Couch display microtextures that resemble flow 
banding; an observation commensurate with poorly preserved, but identifiable 
large-scale flow banding features found elsewhere throughout the unit during this 
study. The metarhyolite is composed primarily of quartz-muscovite-potassium 
feldspar-plagioclase phyllite to schist (Couch 1981). Detrital quartz grains are 
most abundant near the gray quartzite contact; however, these are suspended 
throughout the unit in variable concentrations, and some may be phenocrysts.  
Gray quartzite (Xgq) 
The gray quartzite unit in the McDowell Mountains is a blue-gray to light 
gray, coarse- to medium-grained pelitic quartzite. Unit thickness ranges from 270 
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to 350 meters. Locally the unit grades sharply into a finely foliated micaceous 
rock that weathers to brownish-gray, especially where in contact with the younger 
red quartzite. The massive sections, which compose the bulk of the unit, are 
overall moderately sorted and contain subrounded to subangular quartz clasts. The 
quartzose sections of the unit are clast-supported and generally exhibit little 
variation between the weathered and fresh surfaces. Outcrops are prominent, 
abundant, and erosion-resistant, forming peaks and ridges where the unit is 
present and weathering to both angular and blocky float that in some areas forms 
well-developed scree slopes. These sections contain uncommon plagioclase 
feldspar crystals and other crystal lithics. Visible in thin section, the mineral 
assemblage in the unit is typically quartz-potassium feldspar-muscovite-biotite-
ilmenite. Sections of the gray quartzite on the eastern side of the McDowell 
Mountains contain distinct iron-rich beds that range from 2-30 cm thick and form 
alternating beds with the predominant quartzite.  
Gray quartzite comprises the anticlinal core of the Dixie Mine anticline 
and creates a topographic low to the west due to the highly fractured nature of the 
unit. Conjugate joints sets are common on both limbs of the central fold. S-C 
fabrics, commonly parallel and subparallel to bedding planes, are locally present. 
Previous workers may have mistaken this shear fabric as truncated cross beds 
defined by dark accessory minerals, as the two are often remarkably 
indistinguishable from the bedding itself. However, observation in thin section 
and at the outcrop scale reveals a clear distinction between the S-C fabric and 
simple cross laminations. During this study, special care was taken to 
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appropriately distinguish these features from one another in order to identify 
viable facing indicators. However, many preserved sedimentary features do exist, 
including original bedding planes, cross beds, ripples, stretched- pebble 
conglomerate lenses, and channels that are present in outcrop, particularly when 
in proximity with the younger red quartzite.  
Micaceous quartzite (Xmq) 
The micaceous quartzite outcrops in the northern section of the range, to 
the west of Tom’s Thumb adjacent to the Proterozoic granite, and ranges from 
470 to 530 meters thick. This is a reddish-brown to bluish-gray, finely foliated 
rock that grades laterally along strike into the gray quartzite, and contacts the red 
quartzite sharply. Couch separated this unit into two mineralogically distinct 
members: (1) kyanite-sericite-schist to the west, and (2) sillimanite-biotite-
potassium feldspar-schist to the east that is in contact with the granite pluton that 
is the East End. Petrographic analysis indicates low-angle cross bedding, micro-
isoclinal folds, recrystallization along quartz-quartz grain boundaries, and mica-
defined schistosity (Couch 1981). Mineralogically, the micaceous quartzite is 
similar to the cleaner gray quartzite unit to the south, but contains an abundance 
of finer-grained silts and clays than the gray quartzite.  
Argillite phyllite (Xap) 
Argillite phyllite occurs primarily as a lenticular unit in the central region 
and is 520 to 600 meters thick to the east of the Horseshoe Ridge syncline. It 
grades laterally with the gray quartzite unit and is bound by the metarhyolite to 
the southeast. Outcrops are few. The rock is dull dark brown with a greenish tinge 
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and well-foliated, breaking into shaley plates from 4-7 cm thick and weathering 
into fine greenish-brown clays. Main foliation strikes 055-070⁰ and dips 
moderately to steeply to the southeast, commensurate with the other 
Paleoproterozoic units in the McDowell Mountains. Bedding indicators are 
absent; however, the contact with the metarhyolite to the southeast is abrupt 
enough to serve as a useful bedding marker, and indicate that bedding is parallel 
to main foliation.  
Red quartzite (Xrq) 
This massive, coarse-grained orthoquartzite (figure 7) is reddish pink to 
white on fresh surfaces and reddish to dark brown on weathered faces. Outcrops 
are common and the unit is well exposed. Unit thickness ranges from 130 to 260 
meters. Like the gray quartzite, it tends to form topographic highs and to weather 
into blocks and scree slopes. The unit contains scant sedimentary features with 
which to constrain the bedding or internal stratigraphy, with the exception of a 
few areas in the central fold belt where it is interbedded with the older gray 
quartzite unit. The unit is remarkably quartzose and contains little other detritus. 
Abundant milky white quartz veins are present in many of the exposed outcrops. 
Two sets of veins were identified: the larger veins (10-40 cm wide) tend to follow 
the north-south oriented joints and commonly contain amorphous black 
tourmaline, whereas the smaller and more numerous veins exhibit no particular 
spatial pattern and mostly follow heterogeneous fracture sets. Contacts with the 
gray quartzite range from sharp (figure 8) to gradational. 
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Greenschist (Xgs) 
Greenschist crops out as two distinct bands to the north and south of the 
central anticline, both consisting of chlorite-mica-schists, but both lithologically 
distinct from each other.  
The north band is subdivided into two compositionally unique regions: 
west and east of Bell Pass. The section west of Bell Pass is a dull olive green, 
foliated rock that weathers to charcoal gray. Mafic phenocrysts, ranging from 0.2-
1 cm, exhibit epidote-rich alteration halos and planar orientation that bestow a 
pronounced schistosity.  The largest of the phenocrysts, tested with a field 
magnet, display variable magnetic orientations. Mineral constituents are chlorite-
epidote-quartz-biotite-albite-oligoclase-ilmenite-magnetite, and minor muscovite 
(Couch 1981). Mineral abundance varies both laterally and vertically within the 
unit. Contacts with the red quartzite are undulatory, sharp, and discordant. The 
unit becomes aphanitic, very finely foliated, and black upon contact with the 
quartzite.  
The eastern section of the northern band, east of Bell Pass, is greenish-
black to black on fresh surfaces and contains flattened pumice lapilli, blocks, and 
bombs, ranging from 0.3 to 20 cm. Such fragments are present up-section near the 
quartz-mica-schist in the Bell Pass region, in some areas comprising 40% of the 
greenschist by volume. The matrix in the eastern section of the northern band is 
aphanitic, and exhibits moderate S1 foliation and well-developed joints. S1 
foliation itself is folded locally as both open and kinked folds whose axial 
surfaces dip to the southeast when in proximity to the red quartzite contact on the 
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north limb. Contacts with the quartz-mica-schist to the south and with the 
metarhyolite rocks to the north are also undulatory and discordant. 
The southern band crops out as a dark green to black, moderately foliated 
rock that weathers to brownish-black plates. Dark green areas commonly contain 
visible phenocrysts of elongated greenish-black, foliation-parallel minerals that 
range from 0.2-0.5 cm long, and may be actinolite. The black sections of the 
greenschist in this southern band contain few visible crystals. 
The unit thickness of both bands varies considerably and inconsistently 
with geographic location, ranging from 0-15 meters on the southern band, to 
upwards of 35 meters in locations on the east side of the range. S1 foliation zones 
range from 5 to 12 cm in thickness, strike 060⁰ – 075⁰, and dip to the southeast. 
Dip angle varies widely in the northern band, from 34⁰ to vertical, on account of 
the numerous zones of kink-folded S1 cleavage. 
Quartzite schist (Xqs) 
This is a 350-meter-thick unit present along the Dixie Mine Ridge at the 
red quartzite/quartz-mica-schist boundary, and overall represents a transition 
between the two rock units. It is quartzose and contains structurally interlayered 
layers of both units, as well as a micaceous blend of the two. The gradational 
contact is wide and distinct enough to require a separate unit classification. Pods 
of sulfide-rich, finely foliated quartz-mica-schist, which range from 4-8 meters, 
occur in a matrix of micaceous red quartzite. Conversely, lenses of veined red 
quartzite occur in highly oxidized quartz-mica-schist host rock, making the 
determination of which unit is the host rock difficult to ascertain. Foliations in the 
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volcanic units and the quartzite are parallel to one another, striking from 054-069⁰ 
and dipping steeply to the southeast. Well-developed andalusite crystals, 1.0 to 
3.5 cm in length and foliation-parallel, occur near the contact with the red 
quartzite to the west.  
Quartz-mica-schist (Xqms) 
The quartz-mica-schist is composed of two members that are lithologically 
and texturally distinct. The oldest member (figure 9) is a silvery red to pink, 
schistose, finely foliated volcanogenic sulfide-rich metarhyolite with a 
pronounced phyllitic sheen that occurs only to the southeast of the Dixie Mine, 
geographically between the red quartzite and the mafic section of the quartz-mica-
schist to the south. The rock is very fine grained and composed of quartz-
potassium feldspar-muscovite-plagioclase, upon whose surface contains 
numerous rectangular voids that range from 0.1 to 1.5 mm. These voids exhibit 
reddish-brown halos that appear to be alteration zones from weathered sulfide 
minerals. Silicified potassic and plagioclase feldspars are suspended in a fine-
grained matrix of secondary neoblastic and interstitial quartz, and abundant laths 
of S1-parallel sericite. This member contains two crenulated features: 
crenulated/folded cleavage (F2), and penetrative crenulated fabric (S3) that is 
oriented due north and obliquely intersects S1 and F2. 
Previous ICP-MS and XRD studies of the Dixie Mine undertaken by 
Vance et al. (2011) revealed that this unit is sulfide rich, containing 
predominantly pyrite and chalcopyrite, with minor sphalerite and lautite (copper 
arsenic sulfide). A complete characterization of the mineralization of this area can 
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be found in the aforementioned study on file with Maricopa County Parks and 
Recreation.  
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E 
Figure 7. Photograph of the red quartzite (Xrq) outcrop to the west of Thompson 
Peak on the north limb of the DMA, looking east. The foreground exhibits the 
pure and massive nature of some areas of the unit. To the top-left is a micaceous 
and hematite-rich bed that lends itself to foliation. Vance 2011. 
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McDowell Peak 
Drinkwater Peak 
N 
Figure 8. Photograph of the red and gray quartzite contact on the overturned limb 
of the DMA, with McDowell Peak in the background, as seen toward the north. 
Vance 2012. 
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Figure 9. Photograph of the felsic member of the quartz-mica-schist unit directly 
above the Dixie Mine at the red quartzite contact, taken facing NE. The S1 
cleavage with F3 crenulations is clearly expressed in outcrop. Vance 2011. 
 
NE 
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The younger and more voluminous member is a medium-gray, foliated, 
schistose rock that gradually transitions into the felsic member to the northwest, 
with no distinct line of demarcation between the two members. This member 
comprises the entirety of Thompson Peak, the eastern half of the Dixie Mine 
ridge, and the area to the south between the eastern section of the central fold and 
the Taliesin Formation to the south. The mineral suite in this mafic section 
consists of chlorite-epidote-quartz-plagioclase-biotite. S1 foliation occurs within 
this intermediate-composition member. No measurable S2 or S3 foliations were 
observed. Micro-flow banding is common and preserved, and feldspars are largely 
replaced by secondary quartz. Biotite and secondary chlorite are oriented parallel 
to S1 cleavage. The most mafic sections of the intermediate subunit contain 
abundant opaques that in conjunction with the biotite and chlorite account for the 
darker appearance of this unit.  
Taliesin Formation (Xtf) 
Christenson et al. (1979) considered the northern and southern 
metavolcanic rocks (metarhyolite and the Taliesin Formation, respectively) to be 
the same unit, and termed the entire suit of rocks the Taliesin Quartzite. Although 
both units are felsic to intermediate volcanic rocks, their compositions and 
stratigraphic positions required that they be separated and renamed. The youngest 
and thickest of the Paleoproterozoic units in the McDowell Mountains, the 
Taliesin Formation occurs in the southern section of the range, and was observed 
to have a thickness of up to 4000 meters. Present in abundant outcrops south of 
the quartz-mica-schist, its composition varies greatly, but contains at least two 
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distinct lithologies: (1) a fine-grained, light-to medium-gray rock that weathers to 
reticulated blocks on whose surface a brownish-orange tinge is present; and (2) a 
fine-grained, mafic section that occurs in discrete bands primarily in the east of 
the range and that exhibits both gradational and sharp contacts with the more 
intermediate section.  
Fresh surfaces exhibit visible phenocrysts of plagioclase, quartz, and 
abundant biotite and hornblende that give this member of the unit its overall 
grayish color. Thin sections reveal that zoned plagioclase has been mostly 
replaced with secondary silica, and biotite plus muscovite to a lesser degree.  
Subordinate isolated quartz grains and opaques are undeformed and exhibit little 
to no alignment or rotation with respect to S1 cleavage.  
Several lenses of silvery-pink quartz-mica-schist form small topographic 
highs and crop out in the northwestern section of the unit. At least three mafic 
layers with thicknesses ranging from 10 to 14 meters are present in this unit, all of 
which are located in the east-central section of the range near the Dixie Mine 
trailhead. These are black to greenish-black schistose rocks that commonly 
exhibit two penetrative foliation fabrics whose oblique intersections result in 
weathering to pencil structures. Contacts with the felsic member of the unit are 
somewhat abrupt, but in most areas are covered by Quaternary surficial deposits. 
None of these mafic layers can be mapped farther westward along strike than 
several hundred meters before becoming obscured by these expansive deposits, 
nor do they reappear in outcrop in the eastern foothills as one would expect from 
their stratigraphic positions with the felsic member of the unit. The discontinuity 
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of the mafic layers suggests that these are basaltic-andesite protoliths formed as 
localized flows or shallow intrusions.  
A compositional change in volcanism clearly occurred within the quartz-
mica-schist unit, transitioning from a crystal lithic ash fall associated with initial 
volcanism to a more evolved rhyodacite with intermittent andesitic basalt. The 
textural differences between the two members are functions of initial 
compositional variation.  
Mesoproterozoic Rocks 
Diorite (Yd)  
Limited intrusions of this medium-grained, black and white rock occur to 
the east of Tom’s Thumb and are the oldest of the Mesoproterozoic intrusive 
granitoids. Contacts with the metasedimentary host rock are sharp and exhibit 
little thermal alteration. Amphibole and biotite comprise 60% of the rock, range 
from 1-3mm, and are oriented parallel to the penetrative shear fabric that is 
present throughout the unit. Sodic plagioclase comprises 40% of the diorite. 
Granodiorite (Ygd) 
  Present only in the south of the range as a string of discontinuous 
intrusions near Sunrise Trail, this rock contains 35% mafic minerals (biotite, 
amphibole, and secondary chlorite) whose crystals include 35% sodic plagioclase 
(2-4 mm), 10% potassic plagioclase (3-4mm), and 20% quartz (2-4 mm). Fabric is 
localized, and contacts with the granite intrusion are sharp.  
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Granite (Yg) 
The largest exposures of granite (figure 10) occur in the northeast (East 
End) and southeast of the range, with minor outcrops present south of the Dixie 
Mine ridge. The coarse-grained, cream to pink-colored rock is composed of 
quartz, plagioclase (1.5-3 cm), microcline (0.5-3 cm), muscovite, biotite, 
hornblende, and local chlorite. Couch (1981) reports traces of sphene and apatite 
as well. Contacts with the host rock are generally sharp where exposed and 
exhibit chilled margins of finer-grained material.  Fabric is generally absent, 
although localized shearing is present in the Tom’s Thumb area.  
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Figure 10. Photograph of plagioclase feldspar and microcline crystals in a 
weakly foliated zone of the East End granite. Vance 2011. 
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Tertiary Rocks 
Intrusive Basalt (Tbi) 
This intrusive basalt occurs south of Thompson Peak, trends north-
northwest, and is approximately 3-4.5 m wide. The unit terminates at the base of 
Thompson Peak to the north, and is obscured at its southern point by Quaternary 
colluvium. The unit is greenish-black and exhibits no deformation. Conjugate 
joint sets occur locally but are otherwise absent or poorly developed. Dark green, 
semi-spherical, epidote-rich alteration halos occur in sections of this unit, most 
abundantly in the northern third of the dike. No apparent preferred orientations to 
the phenocrysts occur. Petrographic analysis indicates a mineral suite of 
amphibole-chlorite-epidote-quartz-plagioclase (albite-oligoclase)-opaques 
(ilmenite and subordinate magnetite) (Couch 1981).  
Rhyolite (Tr) 
Rhyolite occurs as two irregular circular outcrops and a hypabyssal felsite 
dike near the east-west-oriented fault north of the Dixie Mine anticline fold hinge. 
The circular outcrops range in diameter from 20-30 meters and create slight 
topographic highs in the alluvial washes. The dike is 8 meters wide, oriented 
north-south, and terminates in the quartz-mica-schist unit near the red quartzite 
contact on the Dixie Mine ridge. These rocks are white to light-gray and non-
foliated. They exhibit little discernible color variation between weathered and 
fresh surfaces, although the northeast-southwest striking dike that cuts into the 
ridge slope has a measure of pink to orange surface weathering, likely due to its 
proximity to the Dixie Mine mineralization zone. It is very fine grained and 
contains scarce mafic minerals. Chilled margins in the dike range from 5-15 cm 
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and are identifiable largely by the tendency of the rhyolite to take on a pinkish 
cast at the margins. Xenoliths of crenulated host rock (quartz-mica-schist) are 
suspended in the dike, ranging from 6 to10 cm in diameter, and exhibit no 
discernible baked zones on their peripheries. Flow banding is present at outcrop, 
hand lens, and microscopic scale. Euhedral plagioclase crystals (20%) and well-
developed biotite flakes (<5%) are suspended in a glassy matrix.  Abundant 
elongate vesicles and phenocrysts are oriented in the direction of flow bands.  
It is the opinion of the author that the hypabyssal felsites initiated during 
mid-to late Tertiary extension-related volcanism and served as perhaps a feeder 
dike for the two rhyolite domes in the vicinity, represented by the two 
semicircular outcrops. Additionally, the proximity to the Dixie Mine, in 
conjunction with the highly oxidized and sulfide-rich felsic member of the host 
quartz-mica-schist unit, indicates that the intrusion of the hypabyssal felsite was 
possibly responsible for the leeching and remobilization of iron oxides and 
sulfides from the host unit through the extensive fracture networks. The gossan 
staining caps the termination point on the slope of the ridge and served as a 
distinct indicator of mineralization to early prospectors.  
Basalt (Tb) 
These are Tertiary mafic lava flows that are present only in the southern 
section of the study area. Their colors range from rust red to charcoal gray and 
appear clearly in outcrop and along the road cut of Shea Blvd. Although 
petrographic and structural analyses were not performed on the Tertiary rocks in 
the range during this study, they are well documented in the works of Christenson 
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et al. (1976). Additionally, K-Ar dates of 13.42 +/- .35 Ma for the basalts north of 
Lone Mountain, and 17.42 +/- .41 Ma for the basalts adjacent Shea Boulevard are 
reported (Damon et al. 1996).  
Fanglomerate (Tf) 
 These red and gray, coarse-grained basin deposits are moderately 
consolidated and occur predominantly in the extreme southern section of the 
study area. Granite grus and metamorphic detritus from the Paleoproterozoic 
bedrock comprise these units, and they have been correlated to the Whitetail 
Conglomerate in the Superstition Mountains and the Papago Park alluvial fan 
deposits (Christenson et al. 1979).  
 
STRUCTURE 
General Statement 
Although a reconnaissance of the entire mountain range was undertaken 
and the major structural features from the Paleoproterozoic through the mid-
Tertiary were documented, this study focuses on the two main folds:  the central 
fold (Dixie Mine anticline) and the northwest fold (Horseshoe Ridge syncline).   
Bedding 
With the exception of the southern limb of the Horseshoe Ridge syncline, 
Paleoproterozoic bedding dips moderately to steeply to the southeast (figure 11), 
but is not always obvious in the Proterozoic metasedimentary units, particularly in 
the red quartzite and heavily foliated micaceous quartzites. The clearest bedding 
indicators are expressed within the gray quartzite, and at the gradational contacts 
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between the red and gray quartzite where the two rock types are interbedded. The 
few extremely sharp contacts between these two units were also useful in 
determining the orientation of the unit, provided the contacts were (1) consistently 
defined over a range of tens of meters, and (2) cross beds and other facing 
indicators were not oppositely oriented across the contacts. Finally, main foliation 
is parallel or subparallel to bedding in all areas of the metasedimentary rocks, 
except at the fold hinges. Bedding, flow banding, and facing indicators are rare in 
outcrop in the metavolcanic rocks, and yielded little indication as to the 
orientation of the units. 
Bedding in the Paleoproterozoic units is foliation-parallel, and strikes 050-
080⁰ and dips 50-68⁰ to the southeast (figure 12), with the exception of the 
southern limb of the Horseshoe Ridge syncline in the central fold belt.  The 
northwest quadrant cluster on the stereoplot (figure 11) represents the northern 
limb of the syncline and both limbs of the Dixie Mine anticline, as well as the 
orientation of the other units in the McDowell Mountains. Some low-density 
outliers occur that represent beds that diverge from this typical orientation. 
However, these outliers are few, and appear to exhibit no discernible pattern to 
their distribution. 
Foliation 
The Paleoproterozoic metavolcanic rocks exhibit well-defined to poorly 
defined S1 foliation that is parallel to subparallel to bedding in all areas of the 
range (figures 11 and 13), and the Paleoproterozoic quartzites, where micaceous, 
exhibit similar foliation. With the exception of the southern limb of the Horseshoe 
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Ridge syncline, S1 foliation in the quartzites strikes 060-080⁰ and dips 60-72⁰ to 
the southeast. The main S1 foliation in the Taliesin Formation ranges from 
moderately to poorly developed. Foliation in the southern intermediate section 
strike varies widely, ranging from 050 –170⁰ and dipping 48-60⁰ to the southeast 
and southwest, respectively.  
Some units contain a subordinate foliation (S2) (figure 14) that overprints 
S1 , such as in the Taliesin Formation near the Taliesin Overlook that strikes 265⁰ 
and dips 41⁰ to the northwest, and along Prospector Trail east of McDowell Peak 
that strikes 130⁰ and dips 81⁰ to the southwest.  The quartz-mica-schist also 
contains a pronounced subordinate foliation (S2) expressed as foliation-parallel 
crenulations whose fold axes trend 255⁰ and plunge 24⁰ to the southwest. Most 
notably, however, the phyllitic section of the quartz-mica-schist unit above the 
Dixie Mine exhibits a well-developed crenulated cleavage (S2), which intersects 
S1 obliquely, but generally strikes northeast-southwest. S2 is associated with broad 
wavelength F2 folds (λ = 25cm, a = 4cm) whose limbs strike 080⁰ and dip 50⁰ to 
the southeast, commensurate with most of the foliation in the range. A third fabric 
(S3) crosscuts both S1 and S2 as an extremely fine, north-south oriented 
penetrative crenulation fabric, primarily expressed as mm-scale folds (F3). 
Because the wavelength of F3 (λ < 0.1cm) prohibited planar measurements, both 
F2 and F3 were analyzed as small-scale folds in order to compare their axial hinge 
orientations with respect to one another. The fold axes in F2 plunge 24⁰ and trend 
245⁰ to the southwest, defining northeast-southwest-oriented folds. The lineations 
of F3 serve as the fold axes, and plunge 63⁰ due north. This third cleavage (S3) 
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clearly overprints the S1 and S2 foliations. Mineral assemblages in this area were 
well documented by Couch (1981), and indicate that the contact metamorphism 
aureole from the granite and granodiorite intrusions affected the region this far 
south. It is possible that structural modifications to the host rock, expressed as S3, 
could have occurred as well.  
Schistosity occurs predominantly in the micaceous quartzite and the 
southern section of the Taliesin Formation, but is most pronounced in the 
Paleoproterozoic greenschist unit (figure 15) adjacent to the north limb of the 
DMA as oblate to circular, non-lineated but S1-parallel zones of paramagnetic 
mineralization. The metarhyolite and argillite phyllite are the only 
Paleoproterozoic units that are phyllitic, although sections of the argillite phyllite 
exhibit slaty texture as well.  
Local shear fabric occurs in the granodiorite in the south of the range, but 
is largely absent in the granite bodies located in the East End and extreme south.  
The timing of the foliation is difficult to constrain on account of the lack of fabric 
in the granite. Either shear in the granodiorite occurred prior to the granite 
intrusion, or the deformational event occurred after the emplacement of both 
igneous bodies and the granite resisted the acquisition of the fabric due to its grain 
size and high feldspar content. The occurrence of localized shear fabric in the 
diorite and granodiorite may indicate that the pluton intruded sometime during the 
D1 event, rather than after. 
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Paleoproterozoic S1 Foliation 
Paleoproterozoic Bedding 
Figure 6. Contour density plots of bedding (top) and S1 foliation (bottom) of the 
metasedimentary and metavolcanic units. Poles to bedding cluster in the 
northwest and southeast quadrants as a function of the fold geometry of northeast-
southwest-trending folds. Foliation is sequestered primarily to the northwest 
quadrant. 
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Bedding Strike Direction 
Bedding Dip Direction 
Figure 7. Rose diagrams of Paleoproterozoic bedding strike (top) and dip 
(bottom) direction. 
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S1 Foliation Strike Direction 
S1 Foliation Dip Direction 
Figure 8. Rose diagrams of S1 foliation strike (top) and dip (bottom) direction. 
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Paleoproterozoic S2 Foliation 
Figure 9. Poles to plane plot of S2 foliation in the Xgq, Xqms, and Xtf units. 
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Figure 15. Photograph of the schistosity (top) in the Paleoproterozoic greenschist 
unit at the red quartzite contact, south of McDowell Peak. Foliation-parallel 
(bottom) schistosity in the same outcrop. Mafic minerals are strongly planar-
oriented and exhibit variably oriented magnetic polarities. Vance 2012 
 
  43 
Lineations 
The metamorphic rocks locally contain lineations in the plane of main 
foliation; the best developed lineation is defined by stretched pebbles, which 
occur in the north limb of the gray quartzite and in very limited sections of the red 
and micaceous quartzite. The principle axes of maximum stretch generally trend 
from 095-120⁰ and plunge from 13-04⁰ to the southeast. Stretched pebbles 
congregate in the southeast quadrant, and when combined with sense-of-shear 
indicators, demonstrate a top-to-the-northwest shear (figure 16). 
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Figure 16. Contour density plot of lineations in the metasedimentary and 
metavolcanic units. High-density areas in the SE quadrant are the axes of 
maximum stretch of the stretched pebble conglomerate (Xgq) and flattened 
pumice clasts (Xgs). The lower density cluster straddling the north-south great 
circle represents the crenulation fabric in the quartz-mica-schist unit.  
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Faults 
Three prominent fault orientations were documented in this study: a 
northeast-southwest-oriented thrust zone that separates the two primary folds in 
the central fold belt, an east-west-oriented oblique-slip fault zone that is north of 
the Horseshoe Ridge syncline, and a younger north-south-oriented set of normal 
faults that cut both folds and the Dixie Mine area.  Fault planes and their 
associated slickenlines are present only in the normal faults, and trend on average 
261⁰ and plunge 61⁰ to the southwest. Slickenlines vary in quality, from poor to 
fair, and are best expressed in the mica-rich sections of the red quartzite in the 
Horseshoe Ridge syncline.  
Hydrothermal Veins 
The quartz veins in the McDowell Mountains were classified into two 
main generations. The oldest of the two are generally small (2-9 cm wide) and are 
composed of milky-white quartz with localized areas of black tourmaline 
mineralization. Some of the veins are parallel to cleavage and clearly folded with 
the S1 foliation, whereas others cross cut cleavage and exhibit no obvious 
deformation. Boudinaged first-generation quartz veins occur in the red quartzite 
of the overturned limb and within the gray quartzite of the fold hinge.  
The second generation of quartz veins (figure 17) occurs in brecciated 
zones of red and gray quartzite, and along joint sets in these two units. The 
breccia-bound veins exhibit no preferred orientation, range from 1 to 20 cm wide, 
and form webbed stockwork patterns. The fracture-bound veins are less abundant, 
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but larger (7-60 cm) and more continuous, and tend to follow joint sets in the 
quartzites.  
Joints 
Joints are present in all units of the McDowell Mountains but are most 
clearly developed in the quartz-mica-schist, micaceous quartzite, and the plutonic 
rocks. The granitoids and quartzites contain three orientations of joints. However, 
the plutonic joint geometries were not analyzed in this study, as their orientations 
are typical of unloading expansion and demonstrate little usefulness in 
characterizing the Proterozoic structure. Focus was placed on the quartz-mica- 
schist adjacent to the south limb in the Dixie Mine anticline that contains a joint 
set oriented northwest-southeast, and two conjugate joint sets positioned 
northeast-southwest with opposing dip directions. Displacement is minimal in 
most cases, and the fractures are commonly expressed as hairline fractures, 
although crystal-fiber lineations occur in several joints that suggest minor lateral 
offset. The timing, and therefore the kinematic significance of the joints, is poorly 
understood. 
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Table 1  
Summary of Foliation and Fold Orientations 
Feature Strike Dip Trend  Plunge 
S1  NE-SW SE - - 
F1* -  - SW, NE  21, 50 
S2  E-W N, S - - 
F2 -  - SW 24 
S3 -  - N 63 
*Horseshoe Ridge syncline, and Dixie Mine anticline, respectively 
Figure 17. Photograph of the second-generation hydrothermal quartz veins in 
red quartzite (Xrq) on the north limb of the DMA that cut all bedrock. The 
outcrop is located near a test mine on the N-S oriented normal fault that bisects 
the fold. Vance 2012. 
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Strained Clasts 
The gray quartzite unit contains a stretched-pebble conglomerate that is 
present on the north and south limbs of the Dixie Mine anticline west of 
Thompson Peak (figure 18).  Four separate deformed clast types were dominant in 
the range. Metabasalt, quartzite, and metarhyolite comprise the bulk of the clasts, 
with rare rounded jasper clasts present throughout. The greenschist unit on the 
south side of Bell Pass contains stretched pumice clasts. Finite strain analysis was 
conducted on the metaconglomerate and pumice clasts in order to determine the 
magnitude of strain on the units. Because of their scarcity and the general lack of 
deformation, the jasper clasts were excluded from the analysis.  
Well-developed orthogonal joints have left excellent exposures of two-
dimensional surfaces both parallel and perpendicular to foliation, thus allowing 
for easy measurements of the principle ellipsoid strain axes in the field.  
Approximately 240 objects in three sections were analyzed. By measuring the 
long (a), intermediate (b), and short (c) axes of each plane in a sample set, and 
assuming initial sphericity and no volume change, stretch and strain values were 
obtained for each clast type: 
Vs = (4/3) πr3  volume of sphere 
VE = (4/3) πabc volume of ellipsoid 
VS = VE volume of sphere is equal to volume of 
ellipsoid 
r =     
 
  radius of sphere (original shape) 
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Stretch magnitude along each principle axis of strain was calculated with 
the assumption of spherical geometry: 
Sx = S1 = 
  
  
  
  
  
,  
where Sx is the stretch of the axis with respect to the original length, x axis (a, b, 
or c),    is the final length of the measured axis, and    is the initial length 
(diameter) of the axis. 
S1/S3 ratios are the most useful in determining the greatest stretch, 
although S1/S2 and S2/S3 strain ratios were calculated as well. The pink quartzite 
clasts exhibited the least strain sensitivity of the three dominant clast types. The 
S1/S3 aspect ratio of the pink quartzite clasts average 3.2, lower than that for the 
metabasalt clasts (5.6) and metarhyolite clasts (7.6). Naturally, the pumice 
exhibits the greatest stretch ratio (S1/S3 ≤ 16) due to its high porosity and overall 
incompetence. Stretch values of each strain axis were calculated independently of 
other axes in order to establish the strain axes as well as their 2-D planar ratios 
(table 2). In each clast type, S1 and S2 values were nearly identical in the pink 
quartzite and metarhyolite clasts and were remarkably similar in the metabasalt 
clasts.  
The previous equations assume original sphericity of the pebbles prior to 
homogeneous deformation, as indicated by the jasper clasts. However, most clasts 
in undeformed conglomerate in other areas are elliptical, not spherical, so the 
original axial orientation and ellipticity of the metaconglomerate clasts were 
calculated utilizing the modified Rf/ϕ method (Dunnet 1968) (table 3). The 
pumice clasts were most likely equidimensional upon deposition and burial, and 
  50 
as such were excluded from these Rf/ϕ calculations. All three metaconglomerate 
clast types exhibit a relatively symmetrical distribution along the vertical mean 
axis on the Rf/ϕ charts, which allowed for the reconstruction of the original 
ellipticity and the graphical representation of the shape ellipse.  
The original ellipticity of the pink quartzite is the lowest of the three clast 
types within the metaconglomerate; a not-unexpected result, taking into 
consideration the greater competency of quartzite as opposed to rhyolite and 
basalt.  
Initial ellipticity (Ri) was determined using the Rf/ϕ method modified by 
Lisle (1985). The Rf/ϕ nomenclature is as follows:  
 
Ri = Ratio of the principal axes of the original clast 
Rf = Ratio of the principal axes of strain (S1/S3) in the measured clast 
ϕ = Angle between axis of greatest stretch (S1) and maximum extension      
direction 
ϴ = Initial angle between the undeformed long axis and the maximum   
extension direction 
 
Ri curves are calculated using the following trigonometric function: 
 
                                           ϕ                 , 
 
where: 
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For a graphic of Ri curves relating the variables in this method, refer to 
Chew (2002). Dispersion of ϕ position with respect to main foliation was 
relatively low, ranging from 2-24⁰ for all object classes.  
Strain contour diagrams for each clast type were constructed as well using 
the Rf/ϕ method by plotting the final ellipticity (Rf) against ϕ in order to 
graphically represent the distribution of strain magnitudes for each measured 
object (figure 19).  
A measure of caution must be taken when evaluating clast competency 
and strain values utilizing ellipticity indicators. Obviously, the magnitude of strain 
is in part a function of the clast competency itself, as demonstrated by the large 
stretch values exhibited by the pumice clasts in the greenschist. Ri values of clasts 
have also been shown to exercise an influence on the magnitude of stretch, and in 
some cases, suggests that a clast is materially less competent than it actually is 
(Treagus and Treagus 2000). In other cases, clasts can be stronger than the more 
easily deformed matrix, and so underestimate the total strain of the rock. Clasts 
with an initial ellipticity Ri < 2 are excellent strain indicators with stretch values 
that most accurately matched the expected deformation. Competent clasts with 
initial axial ratios of Ri > 3 exhibited stretch values far greater than those same 
clasts with equant or near equant geometries, given comparable matrix viscosities 
(Treagus and Treagus 2000).  
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Table 2 
Ratios of Strain Axes in Deformed Clasts 
Stretch Averages Clast 
 
Stretch Averages Clast 
S1 S2 S3 
Q
u
ar
tz
it
e 
S1 S2 S3 
M
et
ar
h
y
o
li
te
 
1.5 1.5 0.6 2.2 2.1 0.5 
  
S1/S2 S1/S3 S2/S3 S1/S2 S1/S3 S2/S3 
1.2 3.2 3.7 1.3 7.6 8.7 
    
    S1 S2 S3 
M
et
ab
as
al
t S1 S2 S3 
P
u
m
ic
e 2.0 1.4 0.6 2.5 1.4 0.4 
  
S1/S2 S1/S3 S2/S3 S1/S2 S1/S3 S2/S3 
2.4 5.6 3.6 1.7 16.2 4.1 
 
 
Table 3 
Ri and Rf Strain Axes Ratios of the Metaconglomerate Clasts 
Clast Plane (a) 
Avg. 
Stretch 
Rf (S1/S3) Ri (b) ϴ (c) 
Metabasalt 
S1/S2 2.4 
5.6 11 10 S1/S3 5.6 
S2/S3 3.6 
Metarhyolite 
S1/S2 1.3 
7.6 9 11 S1/S3 7.6 
S2/S3 8.7 
Pink 
Quartzite 
S1/S2 1.2 
3.2 6 8 S1/S3 3.2 
S2/S3 3.7 
 
(a) Values for all three planes of stretch 
(b) S1/S3 ratio (Ri = original ellipticity)  
(c) Theta values for S1/S3 (which describe the original deviation from ϕ = 0, set 
parallel to main foliation, of the clasts before deformation) 
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S2 
S3 
S1 
W 
Figure 18. Photograph of the S1/S3 principle strain axes plane of the stretched 
pebble conglomerate. S2 is into the rock face. Pink quartzite (PQ), metabasalt 
(MB), and metarhyolite (MR) clasts exhibit variable competency, and thus, 
different magnitudes of stretch. Vance 2012. 
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Figure 19. Strain contours, calculated with the Rf/ϕ method, for the pink 
quartzite, metarhyolite, and metabasalt clasts.  
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Shear Fabrics 
Within the gray quartzite unit on the periphery of the Dixie Mine anticlinal 
core are well-developed S-C fabrics. Formed by ductile shearing, S-C fabrics are 
commonly at low angles to bedding, resulting in an expression similar to cross 
beds. Domains of S-fabric range from 4 to 6 mm in thickness, with C-fabric 
forming thicker zones, up to 2 cm thick. The angles between the S-fabric and C 
fabric range from 26-38⁰.  The angles between bedding and shear fabric become 
increasingly wider and more erratic in orientation towards the fold hinge. The low 
angle between foliation and shear fabric suggests that S1 foliation and shear may 
have developed more or less at the same time, likely during deformation event 
that caused folding of the units.  
Central Fold Belt 
 The major structural feature in the McDowell Mountains is the central fold 
belt, a syncline-anticline pair composed of the Horseshoe Ridge syncline on the 
northwest side of the range, and the Dixie Mine anticline that occupies the center 
of the range. Both folds exhibit axial hinge-parallel S1 foliation, and their fold 
hinges are oriented northeast-southwest. 
Horseshoe Ridge syncline 
The Horseshoe Ridge syncline is located northwest of the Gateway Loop 
Trail on the west-central side of the range.  It is a shallow-dipping, southwest-
plunging, open, asymmetric syncline composed of three Paleoproterozoic units in 
the following stratigraphic sequence, from oldest to youngest: metarhyolite 
(Xmr), gray quartzite (Xgq)-argillite phyllite (Xap), and red quartzite (Xrq).  
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Well-defined cross beds are common and serve as somewhat reliable up-
indicators in this straightforward section of the fold. Red quartzite constitutes the 
synclinal core, but occurs only in limited areas on the southern limb and a small 
outcrop in the fold hinge. It is generally massive, and contains abundant quartz 
veins and quartz blebs. Several areas, especially when in gradational contact with 
the gray quartzite, contain cross beds. Contacts with the gray quartzite are more 
commonly gradationally bedded than not, although abrupt contacts do exist. Gray 
quartzite comprises the southern side of the south limb, the bulk of the fold hinge, 
and the entire north limb of the fold. It occurs as a series of prominent outcrops on 
the southern limb, and as a small semicircular peak at the fold hinge to the east. 
This unit is massive locally, but more commonly contains faint to well-defined 
cross beds and shear zones. The unit weathers to large blocks defined by 
orthogonal joint sets. Where micaceous, the rock exhibits strong southeast-
dipping, axial plane-parallel foliation.  
The contact between the gray quartzite and the metarhyolite on the south 
limb of the syncline is obscured by thick colluvial and alluvial deposits, so 
constraining the orientation of the unit by observing only the contact is difficult. 
Present within the metarhyolite unit near the southern edge of the south limb of 
the syncline, however, is a thin lens of gray quartzite that prominently crops out 
and serves as a reliable bedding indicator for the metarhyolite unit. The quartzite 
lens is approximately 2 meters thick, strikes 245⁰, and dips 84⁰ to the northwest. 
Abundant small clasts of metarhyolite occur 0.3 to 0.6 meters within the quartzite, 
where the quartzite is highly micaceous and finely foliated. 
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Bedding and S1 foliation on the north limb dip southeast, which is 
generally commensurate with the rest of the McDowell Mountains (Figure 20), 
although the dip angle range, from 35-60⁰ southeast, is somewhat less steep 
overall. The south limb contains foliation that also strikes to the northeast and 
dips on average 63⁰ southeast, parallel to bedding, and is the steeper of the two 
limbs, resulting in an asymmetric open syncline. 
Two well-constrained, north-striking, normal faults cut the units on the 
southern limb with west-side-down displacement. Striated slickensides in both 
faults are poorly expressed due to heavy brecciation in the fault zones, but 
generally trend to the west-northwest and plunge between 51-80⁰ in this direction.  
The northern limb, composed entirely of gray quartzite, exhibits only modest 
evidence of faulting, and inter-unit beds were absent and could not be used to 
recognize offsets and determine sense of movement. The fold hinge is exposed at 
the eastern juncture of the two limbs. Quartzite beds strike to the south and dip 
moderately to the west. Foliation strikes to the northeast and dips to the southeast 
and intersects bedding at nearly 90⁰ in this location, and the fold hinge plunges 
shallowly (21⁰) to the southwest (240⁰).  
The metarhyolite on the south limb of the syncline contacts the red 
quartzite on the north limb of the Dixie Mine anticline. This contact is gradational 
for a distance of 2-3 meters, where sericite enrichment and foliation is greatest, 
and quartz clasts are common on the fringe 0.3-0.7 meters into the metavolcanic 
rocks. Foliation steepens slightly to the south towards the outer limb.  
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Dixie Mine anticline 
The central fold belt is dominated by the northeast-southwest-trending 
Dixie Mine anticline, an overturned, isoclinal fold with southeast-dipping limbs 
and a fold axis that plunges moderately to the northeast (figure 20). The folded 
units, from the eastern periphery to the center of the fold (youngest to oldest), are 
quartz-mica-schist (Xqms), greenschist (Xgs), red quartzite (Xrq), and gray 
quartzite (Xgq). For purposes of describing the structural variations, the fold has 
been divided into eastern and western sections, bisected by Bell Pass along the 
Thompson Peak-McDowell Peak ridgeline.  
Unit contacts on the western section are sharp and well exposed. S1 
foliation and bedding in the western section are generally axial-plane parallel in 
both limbs, with the exception of a small section in the south limb where bedding 
in the gray quartzite bedding is cut at an angle by the main foliation. The gray 
quartzite units contain nearly all of the exposed facing indicators: tabular and 
trough cross beds, graded bedding, and less common channels. The highest degree 
of deformation occurs in the core, where bedding and cleavage are perpendicular. 
The transposed gray quartzite unit exhibits recumbent isoclinal folds of bedding 
and main foliation and is sheared along bedding planes (figure 21). Small quartz 
veins (2-12 cm wide) occur in two orientations: cleavage-parallel (and thus folded 
with the main foliation) and cleavage-oblique. Vergence of the major fold is to the 
northwest, and the axial hinge plunges moderately to the northeast. Lineations 
plunge 08⁰ to the southeast.  
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The eastern section of the Dixie Mine fold contains the fold hinge 
termination, which is clearly exposed on the south slope of the 4.6 km long east-
west-oriented ridgeline above the mine. At the hinge termination, bedding strikes 
330⁰, and dips 50⁰ to the northeast. Measurements at this point indicate the 
northeast plunge of the fold. Approaching the hinge from the east, the outlying 
quartz-mica-schist and red quartzite contacts are highly gradational over an area 
of approximately 100 meters. As this area contains the fold hinge termination of a 
moderately plunging fold, the units tend to thin rapidly towards the east, with the 
fold core of gray quartzite reduced to a remarkably thin point only a few meters 
wide. The micaceous sections of the red quartzite and the transitional unit exhibits 
clear S-C fabric with a top-to-the-northeast sense of shear. Stretched-pebble 
conglomeratic lenses occur in the quartzite schist unit. Clasts are flattened 
perpendicular to the foliation plane and stretched to the northeast in the direction 
of the lineation of maximum stretch. The stretching lineations plunge on average 
28⁰ to the southeast, close to the hinge.  
Along the east-west trending ridge above the Dixie Mine, for 
approximately 150 meters, the south limb near the fold hinge exhibits variable 
cleavage-bedding orientations, as well as inconsistently oriented cross beds exist 
in the gray quartzite core of the fold, the micaceous sections of the red quartzite, 
and in the quartzite schist unit. Approximately thirty cross beds along the ridge 
were documented. Their facing directions vary from bed to bed, demonstrating a 
series of upright and overturned structures. Although the variability of their 
orientations restricts their use as facing indicators with respect to the regional 
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fold, their alternating positions indicate that the main fold limb contains numerous 
isoclinal, parasitic folds on the overthrust south limb. When viewed downward on 
the south limb, cleavage is oriented counter-clockwise with respect to bedding. 
Conversely, on the north limb in close proximity to the fold hinge, cleavage is 
oriented clockwise from bedding. These cleavage-bedding angles, coupled with 
the fold hinge orientation, were used to determine the location of the hinge, and 
construct a model that characterizes this central feature as an isoclinal fold, with 
an overturned north limb, that plunges moderately to the northeast, with northwest 
fold vergence. 
An outcrop-scale fold, whose S1 foliation is folded, was measured in the 
quartz-mica-schist in the stream bed approximately 30 meters west of the Dixie 
Mine (figure 21). The tight, overturned, isoclinal fold measures approximately 3 
meters and plunges 24⁰ to the southeast (245⁰), parallel to the axial hinges of the 
crenulated cleavage (F2) in the quartz-mica-schist and the larger Dixie Mine 
anticline fold hinge. The fold geometry, although similar to the Dixie Mine 
anticline, plunges in the opposite direction.  
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HSR Bedding 
DMA Bedding 
Figure 20. Pole-to-plane contour density plot of beds in the Horseshoe Ridge 
syncline (top) and the Dixie Mine anticline (bottom). The outlier data point in the 
SW quadrant of the DMA figure represents the pole to the bedding plane at the 
fold hinge termination. 
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2 m 
W 
E 
Figure 21. Photograph of overturned isoclinal folds (top, facing west) in the gray 
quartzite of the DMA hinge, where bedding and S1 foliation is folded. Vergence 
is to the northwest. A northwest-vergent, isoclinal, tight fold (bottom, looking 
east) in outcrop in the quartz-mica-schist to the west of the Dixie Mine. The 
dashed red line denotes the axial plane along which S1 foliation is folded. 
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Dixie Mine 
The mine itself is worth noting for both its proximity to the anticlinal 
hinge and its position along the contact between the quartz-mica-schist and the 
red quartzite.  The mine consists of one primary horizontal adit spanning 340 feet 
and multiple smaller forks that are oriented east-northeast into the east-west-
trending fold hinge ridge, and serves as an important window into the structure 
and mineralization of the quartz-mica-schist unit. Geochemical and structural 
research conducted on the mine by the author (Vance et al. 2011), in conjunction 
with previous mapping of the mine walls (Burch 1991), have characterized this 
area as a northeast-southwest trending, secondarily mineralized shear zone, 
subparallel to foliation strike (075-080⁰), that dips moderately (50-60⁰) to the 
southeast. At least thirteen mineralized northerly normal faults were identified in 
the mine with widely variable geometries. Faults are spaced 3-7 meters apart with 
the hanging wall exhibiting down-dip, west-side-down displacement on each fault 
that averages approximately 15 cm (figure 22). This fault plane geometry resulted 
in an arrangement of irregular normal fault blocks that are cross cut by E-W 
normal faults with southward-dipping planes. Localized shear zones strike 055-
076⁰ and dip 41-70⁰ to the southeast parallel to main foliation (Figure 22). The 
section topographically above the mine, exposed remarkably well in outcrop, 
contains two generations of crenulations not present in the rest of the McDowell 
Mountains: an early crenulated cleavage (λ-25cm, a = 4cm) whose axial surface 
gently plunges 24⁰ to the southwest, and later subparallel crenulations that  plunge 
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63⁰ to the north. For a full characterization of the mineralogy and geochemistry of 
the wall rock and the downstream soils, refer to Vance et al. (2011).  
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Dixie Mine Fault Planes 
and Shear Zones 
Figure 22. Fault planes (great circles) plotted against poles-to-planes (contours) of 
shear zones in the quartz-mica-schist inside the Dixie Mine. Three distinct 
orientations of highly mineralized normal faults occur and are characteristic of 
mid-Tertiary extension. Shear zones are commensurate with Proterozoic fold 
vergence to the northwest.  
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Microstructure 
Samples were taken from nine locations (table 4 and figure 23), seven of 
which were oriented with respect to strike and dip of bedding and/or bedding-
parallel main foliation. All were analyzed in thin section in order to characterize 
the microstructures in these units.  
Strain localization in the red quartzites manifests principly as shear bands 
that are parallel or subparallel to foliation. These bands are typically 25 to 70μm 
wide, spaced 50 to 180 μm apart, and contain porphryclasts of rounded detrital 
quartz grains encased in shear fabric. The interiors appear to be composed of a 
very fine-grained groundmass of shattered quartz fragments, very fine-grained 
subordinate phyllosilicates oriented both parallel and perpendicular to shear 
direction, and amorphous interstitial silica infill between the grains. Boundaries 
between shear zones and non-sheared grains are sharp. Periphery quartz grains 
away from the shear bands remain largely intact, although many of them exhibit 
stockwork conjugate micro-fractures within the grains themselves that are 
antithetical to shear direction (figure 24). 
The gray quartzite shear bands exhibit similar characteristics with respect 
to bandwidth and orientation, but the shear-band density is much greater 
compared to the red quartzite. The shear bands are composed primarily of 
imbricated, well-developed but fractured biotite with abundant needles of opaque 
minerals 1-12 μm long that are present within the fractures and oriented parallel 
to shear direction in all shear bands (figure 24). The morphology and optical 
properties of the opaque minerals are consistent with ilmenite. Interstitial silica 
  67 
infill is actually composed largely of very fine-grained but observable quartz 
crystals that rarely contain the isotropic minerals.  
The Taliesin Formation exhibits muted and inconsistent micro-shear 
structures. Bands are scarce, S1 foliation-parallel (070⁰, 60⁰), and range from 8 to 
12 μm wide. Detrital quartz grains within shear bands are uniformly fractured 
perpendicular to shear direction, whereas outside shear zones quartz grains exhibit 
either random fracture patterns or no fractures at all. Zoned plagioclase feldspars 
and muscovite are generally aligned parallel to shear irrespective of their 
proximity to shear bands or foliation. The matrix consists of very fine-grained 
neoblastic quartz grains that are not fractured or foliated; however, abundant very 
fine-grained muscovite crystals define a faint foliation fabric throughout the 
matrix.  
Thin sections of greenschist are dominated by very well-developed shear 
bands defined predominantly by chlorite and subordinate biotite, and neoblastic 
quartz.  Chloritic shear bands range from 6-24 μm wide and are formed by 
continuous interlocking crystals with modest silicification. Eddies and pockets of 
intact and randomly oriented plagioclase, quartz, biotite, and opaques are 
common, and the bands diverge and rejoin around these less deformed pockets. 
Rotated plagioclase and mechanically sheared chlorite laths occur in close 
proximity to the most deformed sections (figure 25) Aside from the rare fractured 
detrital quartz grains, brittle microstructures are absent. Foliation and flow bands 
are often difficult to differentiate without the presence of a rotated clast.  
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Three sections were taken of the quartz-mica-schist unit: one of felsic 
composition (#428QMS1), and two of intermediate composition (#428QMS2 and 
#428QMS3). Extremely fine, penetrative shear fabric parallel to main cleavage 
(050⁰, 74⁰) occurs in the felsic section. This fabric is punctuated by local, 
discontinuous bands of coarser-grained fabric that contain larger, well-developed 
quartz crystals that infill these apparent shear-parallel fractures. Potassium and 
plagioclase feldspar crystals contain these larger quartz crystals adjacent to their 
grain boundaries and appear to have been rotated during shear.  
The mafic sections contain limited discontinuous foliation-parallel shear 
bands with rotated crystal lithics. Moderately preserved flow bands were 
observed. Muscovite is common, and cleavage in these crystals is oriented 
oblique to main foliation from 30-55⁰. Opaques occur both within and outside of 
the shear and flow bands, and display little to no deformation. Biotite and 
secondary chlorite manifest as foliation-parallel crystals within the shear bands. 
Plagioclase feldspars are much less common than in the older metavolcanic rocks 
and are oriented randomly with respect to weak shear zones. 
All of the Paleoproterozoic units experienced widespread silicification, 
which is apparent in thin section. Pyroxenes experienced almost total 
silicification, although feldspars exhibit a significant degree of silica replacement 
as well (figure 26). 
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Table 4 
Sample Locations in the metasedimentary, metavolcanic, and felsite units. 
Sample ID Unit Location Type Lat Lon 
421RQ1 Xrq DMA: North limb Oriented  33.644511° -111.826950° 
421GQ1 Xgq DMA: North limb Oriented  33.643327° -111.826598° 
422TS2 Xtf Lost Dog trailhead Oriented  33.602697° -111.811261° 
428QMS1 Xqms Thompson Peak Oriented  33.647180° -111.779487° 
428QMS2 Xqms S of Thompson Pk Oriented  33.651513° -111.787033° 
428QMS3 Xqms DMR  Oriented 33.651706° -111.793774° 
14GQ1 Xgq DMA North Limb Standard 33.643327° -111.826598° 
321RD2 Tr Rhyolite Dome  Standard  33.656256° -111.805065° 
121GS1 Xgs Bell Pass Oriented  33.602697° -111.811261° 
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Figure 23. Map of sample locations taken for standard and oriented thin 
sections. 
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Figure 24. Photograph of the red quartzite (#421RQ1, top) in oriented thin 
section, in plane polarized light. S1 foliation is defined by the recrystallization of 
biotite (bt) and interstitial silicification (Iqtz) along shear. Opaque minerals (O) in 
the red quartzite tend to occupy areas adjacent to shear zones and in between both 
detrital and neoblastic quartz (qtz), whereas the gray quartzite (bottom photo, in 
cross polarized light, sample #421GQ1) displays opaques that define the shear 
zone. Arrows indicate shear direction and gash fractures composed of opaque 
mineral infill. Biotite cleavage is antithetical to shear direction. Vance 2012. 
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Figure 25. Photograph of rotated porphyroclasts in the greenschist unit, 
adjacent to the north limb of the DMA in the thrust zone. The direction of 
shear indicates southeast displacement of the hanging wall. 
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Figure 26. Photograph of intact plagioclase feldspar crystal (top, looking 
northwest) in cross polarized light from the Tertiary hypabyssal felsite dike (Tr), 
aligned parallel to emplacement fabric (010⁰). Plagioclase feldspar crystal (below, 
facing north) in the metarhyolite unit (Xmr) that has undergone extensive 
silicification. Exsolution lamellae are still visible. Vance 2012.  
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DISCUSSION 
General Statement 
 Perhaps the most important aspect to constraining the structural history of 
the McDowell Mountains lies in understanding the larger fold geometries, 
especially the relationship between the Horseshoe Ridge syncline and the Dixie 
Mine anticline. With the exception of metasomatic and localized structural 
features relegated to the peripheries of the granitoid intrusions, the regional folds 
contain arguably the most interesting structural features in the range. Lineated 
features, schistosity, large-scale and localized folds, Proterozoic ductile 
deformation and Tertiary brittle faults, and shear zones manifest within the fold 
belt. However, the structural connection between the two folds remains enigmatic 
on account of their orientations with respect to one another. Given the differing 
stratigraphic sequences within the open syncline and the overturned isoclinal 
anticline, their adjacent positions defy the simple explanation that these units were 
simply laterally contiguous and folded to the northwest. The following discussion 
outlines the general geologic history and explores several structural arguments 
and their respective weaknesses that may account for the current arrangement of 
the central fold belt.  
Proterozoic Accretion 
The currently accepted models for the formation of the Southwest 
maintain that early Proterozoic continental growth occurred by the accretion of 
juvenile lithospheric (island arc) crust and oceanic terranes that resulted in the 
southward expansion of the continent in a succession of discrete northeast-
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southwest-oriented orogenic belts (Whitmeyer and Karlstrom 2007). The 
McDowell Mountains are contained within the northern region of one of the 
youngest (1.65-1.60 Ga) and most southern of these belts, the Mazatzal Province, 
and exhibit structural and metamorphic features that are consistent with this 
tectonostratigraphic region. The Mazatzal Province is characterized by northeast-
trending shear zones, north-to-northwest-vergent isoclinal folds, northwest-
vergent thrust faults, and generally low-grade greenschist metamorphic facies 
(Whitmeyer and Karlstrom 2007). Structural and metamorphic evidence indicate 
both compressional and extensional events during the Mazatzal orogenic event. 
However, the sequence of deformation of these accretionary blocks in the early 
Proterozoic remains contested. Grambling et al. (1988) proposed that accretion, 
overthickening and gravitational collapse, and subsequent extension occurred 
concurrently (ca. 1.4 Ga) based on Rb-Sr whole rock analysis. Bowring and 
Karlstrom (1990) proposed that deformation and metamorphism occurred during 
accretion, and uplift is related to tectonothermal activity (ca. 1.5-1.4 Ga). 
However, constraining the Proterozoic deformational events of McDowell 
Mountains within the confines of these two models is not the primary focus of this 
work.  
 Until this study, the Paleoproterozoic metavolcanic and metasedimentary 
bedrock had not been definitively associated with a known stratigraphic group in 
Arizona. Earlier descriptions of Proterozoic Arizona strata in the Mazatzal 
Mountains describe a series of metavolcanic and metasedimentary units that is 
remarkably similar to the Paleoproterozoic sequence in the McDowell Mountains 
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(Cox et al. 2002).  The Alder series, part of the Tonto Supergroup, is described by 
Ludwig (1974) as “a thick section (more than 14,000′) of metavolcanic and 
metasedimentary rocks intruded by several generations of sheets and dikes.” He 
estimated that one third of the Alder series is composed of accumulated felsic 
pyroclastics, one third is composed of sedimentary rocks derived from weathered 
volcanogenic products, and the remaining third is quartzites and argillites, 
commensurate with stratigraphy characterized in this study. Karlstrom and 
Bowring (1988) summarized the series as graywacke, rhyolite and rhyodacite ash 
flow deposits overlain by quartz arenite, lithic arenite, and siltstones; 
geochronological work places these units at 1.71 Ga. These rocks in turn are 
overlain by meta-andesite porphyry, metabasalts, and metatuffs. Conway and 
Silver (1984) described the Alder series in terms of alternating Paleoproterozoic 
quartz arenite sedimentation and rhyodacitic ash flow tuffs. Additionally, earlier 
work done by Charles Anderson (1951) described a similar series that stretches 
from the Bradshaw Mountains to the Mazatzal Mountains which contains 
quartzites, sericite-rich quartzites, quartz-mica-schists, purple slate, and 
amphibolite-grade greenschists, although these sequences vary in age (Anderson 
1989). The characteristics of the Alder series indicate a general transition from 
subaqueous crystal lithic rhyolite and rhyodacite tuffs to shallow water and 
onshore clastic sediments that are overlain with terrigenous felsic to intermediate 
volcanic deposits. The upper Alder series was identified on the northern flank of 
Mt. Ord in the Mazatzal Mountains by Anderson (1951), and this study conducted 
an outcrop-scale comparison between the McDowell Mountains Paleoproterozoic 
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sequence and the known Alder series by lithological descriptions from multiple 
sources and direct observation of Alder series outcrops at Mt. Ord. Inspection of 
the quartzites and metavolcanic rocks in this area confirmed that these are 
compositionally similar units to the metarhyolite and red quartzite present in the 
McDowell Mountains, with the exception of the purple slates traditionally 
associated with the Alder series. The McDowell Paleoproterozoic bedrock in 
large part mirrors sections of the Mazatzal Province stratigraphy, and can thus be 
loosely correlated to the Alder series (figure 27) present in sections of the 
Mazatzal Mountains and described by Anderson et al. (1971) and others, although 
a thorough petrological and geochronological comparison is needed to confirm 
this. 
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Volcanism and Sedimentation 
Sedimentation and explosive volcanism were occurring simultaneously in 
the Paleoproterozoic, which resulted in the deposition of the oldest bedrock unit 
in the McDowell Mountains, the tuffaceous metarhyolite (Xmr) rich in 
terrigenous sediments. Quartz lithics likely represent sediments from previous 
volcanoclastic and sedimentary deposits, reworked and recycled tuff from the 
clastic unit itself, and from contemporary volcanic deposits. Volcanism ceased, 
allowing for quartz-rich clastic sedimentation to become the principal process that 
resulted in the thin layer of gray quartzite present in the metarhyolite unit. 
Volcanism resumed, forming tuffaceous rhyolites that were voluminous and 
compositionally homogenous. Volcanism ceased once more and sedimentation 
resumed, depositing the gray quartzite unit (Xgq).  This quartzite exhibits lateral 
facies changes that indicate variable concentrations of silt and mud that would 
become the coeval micaceous quartzite (Xmq) unit that dominates the northeast of 
the mountains, and the localized argillite phyllite (Xap) unit to the southeast. The 
discontinuity and intercalated nature of the contacts in the northwestern section 
between Pinnacle Peak and Tom’s Thumb illustrates that the depositional 
environment was dynamically changing and laterally discontinuous, alternating 
between micaceous quartzite, gray quartzite, and metarhyolite. Some areas are 
completely missing the gray quartzite, and the metarhyolite directly contacts the 
micaceous quartzite. Clasts derived from the underlying metarhyolite unit, as well 
as basalt and quartzite clasts, accumulated in localized lenses during high-energy 
sedimentation within the gray quartzite unit. 
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As sedimentation continued unabated, the nature and composition of the 
sediments changed as they matured, and the sediments became better sorted. 
Homogeneous terrigenous deposits resulted in the deposition of the continent-
derived red quartzite (Xrq) unit that overlaid the gray and micaceous quartzites.  
Heterogeneous volcanism resumed to deposit the variable quartz-mica-
schist atop the red quartzite. The eruptions initiated with a potassic crystal lithic 
rhyolitic tuff that graded into alternating eruptions of andesitic dacite as the 
magmas changed in composition. The Taliesin Formation volcanic rocks 
represent the last stage of Proterozoic extrusive volcanism in the region, and 
account for the largest volume of volcanic deposits. 
Metamorphism 
 Two metamorphic events are recorded in the McDowell Mountains 
bedrock. The first was the regional Mazatzal Orogeny (D1) that was a direct result 
of compression during the buildup of continental lithosphere. Crustal shortening 
generated isoclinal folding and axial plane cleavage in the Paleoproterozoic 
metavolcanic and pelitic metasedimentary rocks. Petrological and mineral 
chemistry work conducted on the metapelite rocks by Couch (1981) indicates a 
strong kyanite presence, particularly in the micaceous quartzite unit in the north. 
Couch did not document the presence of andalusite, which places the degree of 
metamorphism squarely within the kyanite zone, and somewhere within the lower 
greenschist to upper amphibolite facies. Couch concluded that P-T conditions of 
metamorphism occurred at P = 4-6 kb (13-20 km depth) and T = 350-450⁰ C 
(Couch 1981).  
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 However, during the course of this study, multiple examples of well-
developed andalusite crystals were discovered in the quartzite schist unit along 
the Dixie Mine Ridge and in the micaceous quartzite east of Tom’s Thumb. The 
occurrence of andalusite, if in equilibrium with sillimanite and kyanite, further 
constrains the P-T conditions to the andalusite-kyanite-sillimanite triple point: P = 
4kb and T = 510⁰C. These conditions are predicated on the sequence of 
andalusite-sillimanite-kyanite formation; namely, they must have crystallized in 
equilibrium in order to satisfy these P-T conditions. Sillimanite may in fact be 
restricted to the periphery of the granitoid intrusions, in which case the triple point 
values fail to describe the overall metamorphic conditions. If, however, examples 
of the three minerals in equilibrium can be documented, then their occurrence 
places the regional metamorphic event from the upper greenschist facies to the 
lower amphibolite facies. The presence of ductile folds in the gray quartzite 
anticlinal core set the lower limit to at least the depth of the brittle-ductile 
transition zone for crustal deformation of quartz-rich rock (10-18 km), and on 
account of the ductile nature of the strain in this region, the P-T conditions were 
likely on the high end. 
 Significant burial and deformation of the units occurred in order to bring 
the region to the P-T conditions necessary to be at or below the brittle-ductile 
transition zone. Experimental values for continental lithosphere at the brittle-
ductile transition zone are between 10-15 km (depth) and 300-350⁰C (Davis and 
Reynolds 1996). The presence of andalusite-kyanite-sillimanite, if in equilibrium, 
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constrains the depths to approximately 14 km, 4 kb, and 510⁰C. The expected 
deformational character of typical continental crust at these P-T conditions is 
predominantly ductile in nature, as is demonstrated by the presence of ductile 
folding and shear zones in the anticline. However, stockwork conjugate micro-
fractures in the more competent quartz clasts adjacent to the shear zones clearly 
indicate that the process was not entirely ductile, and points either to somewhat 
lower metamorphic conditions than the kyanite-andalusite-sillimanite triple point, 
or perhaps indicates higher transient strain rates. Couch demonstrated that in the 
least, the lower boundary for regional metamorphism occurs along the upper 
kyanite-sillimanite boundary. 
The second metamorphic event occurred locally from the Mesoproterozoic 
granitoid emplacement, centered near the plutonic intrusion in the northeast 
section of the McDowell Mountains. The altered host rock (micaceous quartzite) 
outcrops commonly on the western edge of the East End granite intrusion. The 
micaceous quartzite, nearly everywhere well foliated, lacks S1 foliation in 
proximity to the pluton and contains sillimanite, which is consistent with localized 
contact metamorphism and metasomatic alteration (Couch 1981). Sillimanite 
aureoles occur adjacent to the East End granite that were interpreted to be a 
function of contact metasomatic metamorphism from the intrusion itself. 
Mazatzal Orogeny 
Approximately 1.65-1.60 Ga, crustal shortening (D1) occurred from the 
accretion of the Mazatzal Province onto the continental crust (Bowring and 
Karlstrom 1990), or from compression along an already-assembled continental 
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margin (Anderson 1989). Coeval with the formation of Proterozoic structures in 
the Mazatzal Mountains to the east, the Proterozoic units in the McDowell 
Mountains began to fold.  The Horseshoe Ridge region began to buckle 
downward as a syncline, while the Dixie Mine area underwent anticlinal folding 
with northwest-vergence and overturning. Both structures developed axial plane-
parallel cleavage, and lineated features developed in all of the units. S1 cleavage 
markedly decreased with distance from the zone of greatest shear, leaving the 
Taliesin Formation largely without foliation.  Hydrothermal quartz veins began 
forming early in the D1 event. Multiple generations of cleavage-parallel quartz 
veins were originally syntectonic with D1, as the first generation appears to have 
formed and folded with the main foliation. The majority of these veins, however, 
represent post-kinematic formation, as they cross cut S1 foliation at all angles, 
have no particular orientation with respect to bedding, and exhibit minimal ductile 
deformation. It is therefore appropriate to assume that the vein emplacement 
initiated after some S1 foliation formed, allowing for the early veins to fold along 
with cleavage, and continued after the regional deformation ceased.  
A definitive explanation for the emplacement of the greenschist protolith 
remains elusive. Previous workers described the greenschist as a short period of 
mafic volcanism that post-dated terrigenous clastic sedimentation and preceded a 
long period of felsic ash flow deposits. According to Christenson and others, these 
localized intermediate basalt flows were subjected to the same P-T conditions as 
rest of the Paleoproterozoic units (Christenson et al. 1979). S1 cleavage and 
schistosity align reasonably well with the older quartzite units to the northwest 
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and the younger volcanic rocks to the south. However, field observations coupled 
with previous descriptions of the Alder series suggest a different origin for the 
greenschist. The unit falls squarely within the proposed thrust fault zone that 
developed on the overturned side of the Dixie Mine anticline. Original flow 
banding is somewhat intact. Although the unit exhibits penetrative and very 
pronounced shear bands (more so than any of the other Paleoproterozoic units), 
some shear features one would expect to see on the overturned limb of an 
anticline, such as S-C fabrics and abundant rotated porphryclasts, remain largely 
absent. Additionally, the greenschist underwent minimal silicification with respect 
to the rest of the Proterozoic units, despite its abundant minerals that are prone to 
silica replacement; this suggests that the protolith postdates the regional 
silicification event and the metasedimentary units with which it makes contact. 
The absence of detrital quartz in the unit at the greenschist/red quartzite contact, 
although not necessarily diagnostic of an intrusion, may mean that the greenschist 
was not deposited on top of an unconsolidated or poorly lithified sandy unit as 
might be expected in a vertically stratified depositional sequence.  
Finally, the ilmenite-magnetite crystals have retained their randomly 
oriented magnetic polarities, indicating that the greenschist protolith may not have 
been brought to the same P-T conditions as the other Paleoproterozoic units. 
Experimental values for the Curie point in ilmenite maintain that a temperature of 
275⁰ +/- 10⁰ C be reached before ferromagnetism is lost (Parry and Westcott 
1967).  Regional P-T conditions in the McDowell Mountains, constrained to at 
least 350⁰ C by Couch (1981), illustrate that the quartzites and metavolcanic rocks 
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were subjected to temperatures that exceed the Curie point for ilmenite and 
magnetite.   
Several alternative explanations should be considered that specifically 
address these characteristics. The greenschist on the southern limb of the DMA is 
compositionally different from its northern counterpart, and was clearly an 
extrusive event as evidenced by the presence of airfall tephra. The region 
underwent semi-explosive volcanism, perhaps due to continued fractional 
crystallization in the main magma chamber or input from a regionally separate 
volcanic field that formed towards the end of the basalt deposits. Pumice clasts in 
the mafic unit are compositionally similar to the quartz-mica-schist unit and are 
likely the precursor to the much more explosive events that resulted in the 
deposition of that felsic unit. The nature of the micro-shear structures in 
conjunction with well-preserved flow bands suggests that the greenschist unit 
protolith on the north DMA limb was originally a fault-bound intrusive body that 
followed the northwest-vergent thrust zone that separates the two folds in the 
central belt. S1 foliation and schistosity in the greenschist probably developed 
during the late stages of the Mazatzal Orogeny. Foliation in the greenschist may 
have developed during the reactivation of the thrust fault, in which case foliation 
would develop parallel to S1 cleavage in the rest of the Paleoproterozoic, units 
without being relegated to the D1 event. Ultimately this model describes the two 
greenschist bodies as two unique and separate events – one intrusive and fault-
bound, the other extrusive and topographically controlled – that accounts for the 
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lithological and structural differences between the two deposits, and further 
constrains the regional silicification event to the Paleoproterozoic. 
The Taliesin Formation lacks an abundance of D1 structural features, such 
as the micro-shear bands and well-developed S1 cleavage present in the older 
Paleoproterozoic units. Weak reorientation of crystal lithics and the development 
of crude S1 foliation occurred during this time, but the regional folding and 
northwest-directed thrusting had diminished deformational effects on this unit, 
likely on account of its distance from the thrust zone between the DMA and the 
HRS that significantly deformed the other Paleoproterozoic units.  
Fold Relationships 
Structural data of the Horseshoe Ridge syncline establishes that the 
southern limb experienced the greatest degree of  top-to-the-northwest rotation 
and the subsequent overturning of this limb with an average dip of 69⁰; a full 20⁰ 
steeper than the north limb. A southeast transect of recorded dip angles (towards 
the quartz-mica-schist unit and the thin gray quartzite unit contained within) 
reveal a generally steepening dip in foliation and bedding. The thin gray quartzite 
dips nearly vertical at the juncture between the two major folds. Following this 
transect through the oldest section of the metarhyolite, the dip of foliation is steep 
to the southeast, until reaching the north limb of the Dixie Mine anticline, which 
dips steeply to moderately to the southeast, and is the overturned limb of the fold. 
The stretched-pebble conglomerate in the gray quartzite unit supports this 
observation, as clasts on an overturned limb will experience foliation-parallel 
stretch while shortening perpendicular to foliation. Parasitic folds in the anticlinal 
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core and along the south limb also indicate that shortening occurred within the 
south limb. The arrangement of steepening dip direction and occurrence of 
northwest-vergent S-C fabrics in the lengthened north limb suggests that after the 
Dixie Mine anticline north limb became overturned, the anticline was thrust over 
and above the south limb of the Horseshoe Ridge syncline as a result of the 
northwest-vergent thrust event.  However, this explanation alone fails to reconcile 
the present-day arrangement of the two folds with the stratigraphy put forth in this 
study. In order to employ this model, (1) the quartzites in the Horseshoe Ridge 
syncline and the Dixie Mine anticline cannot be contiguous manifestations of the 
same depositional event, or (2) the thrust fault reactivated during a period of 
extension that precipitated significant vertical movement of the hanging wall 
(Skotnicki pers. comm. 2012). It is possible that the gray and red quartzites in the 
anticline were deposited and overlain by the metarhyolite and then followed by a 
second series of gray and red quartzites in the Horseshoe Ridge syncline. The 
Alder series has in fact been previously characterized as alternating deposits of 
crystal lithic volcanic deposits and quartz arenites (Ludwig 1976). Despite that 
some lithological differences exist between the two areas of metasedimentary 
units, field observations and petrographic characteristics suggest that these 
differences are minimal and can represent standard variations in depositional 
environment rather than indicating temporally distinct units. The preferred 
explanation is that the region between the two folds contains a northwest-directed 
thrust zone that developed syntectonically with folding, was intruded by mafic 
magma, and later reactivated to drop the hanging wall to the southeast (figures 28 
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and 29). Porphyroclasts in the greenschist unit that were rotated counterclockwise 
(as viewed facing west) demonstrate a period of top-to-the-southeast shear, 
opposite of the northwest-directed thrusting that formed in the initial fold.  
Shear zones and fold hinges formed during the Mazatzal Orogeny are 
characteristically northeast-southwest oriented, with the vergence direction to the 
northwest (Doe et al. 1991). Shear zones in the Paleoproterozoic rocks in the 
McDowell Mountains, principly in the greenschist unit quartz-mica-schist unit, 
concur with this orientation. Both the Dixie Mine anticline and the Horseshoe 
ridge syncline verge to the northwest, as well as the parasitic folds on the southern 
limb of the DMA. However, the plunge directions of both the regional and small- 
scale folds vary: the HRS and the local anticlinal fold in the quartz-mica-schist 
unit plunge shallowly to the southwest, while the DMA and most of its parasitic 
folds plunge moderately to the northeast. This could mean that the units, during 
the regional D1 event, simply experienced unequal shear along the Dixie Mine 
ridge and resulted in a slightly different plunge direction. Or, a second (D2) event 
occurred that resulted in an additional set of smaller isoclinal folds. This 
explanation is plausible when taking into consideration that S1 foliation itself 
appears to have been folded into crenulated cleavage with fold axes parallel to the 
folds. Minimally, we can conclude that cleavage formed during D1 with the other 
Paleoproterozoic units, and the local anticline formed in conjunction with the 
oldest set of crenulations, either during D1 or a later D2 event.  
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Shear Bands and Heterogeneous Softening 
Microstructures and the resulting mineral suites in the metasedimentary 
rocks reflect the regional structural history during the D1 event. The development 
of shear zones within the DMA north limb likely involved multiple processes. 
Thin section analysis suggests that S1 foliation developed under ductile 
conditions, which may have involved the dynamic dissolution and 
recrystallization of strain-sensitive areas in the quartzites (Vernon 2004). Within 
the micaceous units, pressure solution was probably the initial dominant cleavage-
forming process, at least during the early stages of the orogeny. However, shear 
bands, which are predominantly subparallel to S1 and commonly define the same 
feature, diverge from cleavage at low angles in some cases, suggesting that a 
combination brittle-ductile shear strain overtook pressure solution as the primary 
kinematic process during crustal shortening (Gapais and White 2004). Two 
processes would need to have occurred in order to initiate ductile shear: First, 
strain-sensitive heterogeneities in the quartzites along main foliation would allow 
for the initial shear to occur and accommodate deformation by localized softening 
of the unit. The degree of roundness of the inter-shear quartz grains suggests that 
the primary mechanism for shear was initially grain-boundary slip. In this 
process, shattered quartz fragments from less competent grains may have 
provided the bulk of the shear band matrix in the red quartzite, allowing for 
greater slip to occur. The gray quartzite, which contains greater quantities of 
micaceous minerals, crystallized abundant foliation-parallel biotite and muscovite 
within the shear bands that experienced pervasive fracturing. The incompetent 
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micaceous minerals underwent concurrent fracturing and recrystallization during 
the shear event, which would have facilitated the predominantly ductile strain 
accommodation of the unit. Recumbent isoclinal folds in the anticlinal core at the 
outcrop scale support this assertion. 
Concurrent with shear deformation was the crystallization of ilmenite and 
subordinate magnetite within the gray quartzite. This must have occurred well 
into the D1 event, but ended before the widespread silicification of the units, 
based on the observation that these crystals (1) are present only within the 
fractured biotite and fractured detrital quartz grains, (2) are aligned with main 
cleavage, and (3) are completely absent within the interstitial neoblastic silica 
matrix that comprises the gray quartzite shear zones.  
Intrusives 
As the Mazatzal Orogeny abated, the fold belt was largely in place and 
uplift probably slowed. The strain fabrics in the granitoids vary in their degrees of 
development and reflect the diminished shortening. The oldest and finer grained 
of the granitoids (diorite and granodiorite) managed to acquire some of the fabric 
associated with crustal shortening event. However, the later emplaced, coarser-
grained granites resisted this new fabric, either because of the abundance of the 
strain-insensitive feldspars in the granites, or simply because the granites intruded 
much later than the diorite, perhaps well after the Mazatzal Orogeny wound 
down.  
The principal effects of the Mesoproterozoic granite and granodiorite 
intrusions were localized contact metamorphism, metasomatic alteration of the 
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host micaceous quartzite, and the crystallization of sillimanite aureoles around the 
granitoid peripheries (Couch 1981). Additionally, S1 foliation in the host rocks 
near the plutons is largely absent, suggesting that the intrusion-related 
metamorphism significantly altered the Paleoproterozoic structures in the country 
rock.  
Unconstrained Structures 
Multiple structures whose timing remains uncertain were identified and 
documented. These features include variably oriented north-south oriented S2 
foliation, S3 foliation (crenulation fabric), and the series of east-west-oriented 
slip-faults in the northern section of the range. Their orientations are incongruent 
with typical structures related to either the Mazatzal Orogeny or mid-Tertiary 
extension. However, they must have occurred post-D1 but prior to D3, as these 
structures overprint S1 foliation in many areas, yet are cut by more recent mid-
Tertiary related structures.  
Tertiary Structure 
Mid-Tertiary extension produced characteristic north-south-oriented, 
westward-dipping brittle faults that cut all of the Proterozoic units. These normal 
faults with oblique top-to-the-northwest slip and extensional joint sets bisected the 
DMA and HRS, and commonly contain joint-bound hydrothermal quartz veins. 
The late Tertiary extrusive basalts that overlie the Proterozoic bedrock in the 
southern part of the range were also structurally bound and relegated to 
topographic lows. 
  94 
Timing of the north-oriented faults in the quartz-mica-schist shear zone 
remains somewhat disputed, although down-dip displacement is commensurate 
with a Tertiary extensional pattern. Christensen et al. (1979) contend that 
Proterozoic granodiorite intrusion produced characteristic radial faults in the 
metavolcanic and metasedimentary rocks to the northeast, suggesting that the 
Dixie Mine faults may have occurred as extensional features at the periphery of 
this plutonic intrusion. In addition, those authors inferred that shallow 
deformation of the crust (of the likes that would result in brittle failure) occurred 
during the Proterozoic. However, this study was unable to confirm that assertion 
based upon any characteristic fault geometries and proximity to the granitoid 
intrusion to the north. Proterozoic deformation exists everywhere in the 
McDowell Mountains and manifested as ductile, not brittle, structural features, 
irrespective of the actual depth at which deformation may have occurred. The lack 
of evidence for a non-ductile Proterozoic event suggests that the brittle normal 
faults throughout the McDowell Mountains are typical of mid-Tertiary features.  
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Figure 30. Tectonostratigraphy of the major structural events in the McDowell 
Mountains.  
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CONCLUSIONS 
Paleoproterozoic continental accretion of island-arc lithosphere resulted in the 
buildup of the crust of the Southwestern United States in a series of discrete 
tectonic zones. The youngest of these zones in Arizona, the Mazatzal Province, 
contains the McDowell Mountains, a northwest-southeast-trending range 
dominated by metavolcanic and metasedimentary rocks that can be reasonably 
well correlated to the near and onshore sedimentary deposits and crystal lithic 
rhyolitic tuffs of the Alder series. 
The Mazatzal Orogeny, characterized by northwest-directed thrusting and fold 
vergence, served as the driver for the formation of the northeast-southwest 
oriented syncline and anticline that defines the central fold belt. Overturning of 
the Dixie Mine anticline’s north limb resulted in the northwest-directed thrusting 
of the anticline. This event also formed the main bedding-parallel S1 foliation that 
dips to the southeast, as well as northwest-oriented S-C fabrics, stretched-pebble 
conglomerates, and axial plane-parallel shear zones. Subordinate S2 foliation, S3 
crenulation cleavage, and strike-slip faulting remain much more difficult to place 
with respect to timing. The structures must have developed later than S1 foliation; 
either in the late stages of the Mazatzal Orogeny or from granitoid emplacement 
in the far northern and southern sections of the range. The plutonic placement 
occurred regionally and has been constrained to 1.3-1.4 Ga (Bowring and 
Karlstrom 1990).  The Paleoproterozoic greenschist is interpreted as late-stage 
mafic dikes along a reactivated thrust or highly sheared zone adjacent to the north 
limb of the Dixie Mine anticline. 
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Mid-Tertiary extension is expressed most clearly in the central fold belt as 
both joint-bound and structurally unconstrained hydrothermal quartz veins, top-
to-the-west normal fault blocks, and extrusive and intrusive bimodal volcanic 
products preserved in the southern part of the range. 
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APPENDIX A 
FOLIATION AND BEDDING DATA TABLES 
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Location Strike Dip Unit Type 
100 m north of Gateway Tr 050 75 Xmr foliation 
DMA: Bell Pass, McDowell Peak 055 70 Xmr foliation 
DMA: Bell Pass, McDowell Peak 054 68 Xmr foliation 
DMA: Bell Pass, McDowell Peak 054 68 Xmr foliation 
Ridge up to McDowell Peak summit 060 65 Xmr foliation 
Ridge up to McDowell Peak summit 058 67 Xmr foliation 
Saddle near summit of McDowell 
Peak 
070 75 Xmr foliation 
McDowell Peak summit 060 65 Xmr foliation 
McDowell Peak ridge 064 61 Xmr foliation 
McDowell Peak ridge NE 058 63 Xmr foliation 
McDowell Peak ridge 066 66 Xmr foliation 
McDowell Peak ridge 062 69 Xmr foliation 
McDowell Peak streambed SE 062 66 Xmr foliation 
Horseshoe: CR unit on at contact 
with GQ 
047 65 Xmr foliation 
Peak between HS and DMA 059 58 Xmr foliation 
Mountain Spring 062 71 Xmr foliation 
DMA: Prospector Trail and Jeep 
Trail juncture 
015 29 Xgq foliation 
DMA: Prospector Trail and Jeep 
Trail juncture 
019 21 Xgq foliation 
HRS: Western side of south limb 061 53 Xgq foliation 
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Location Strike Dip Unit Type 
HRS: north limb 076 55 Xgq foliation 
HRS: north limb 054 67 Xgq foliation 
HRS: north limb 066 58 Xgq foliation 
DMA: North Limb 095 62 Xgq foliation 
DMA: North Limb 115 30 Xgq 
foliation 
 
DMA: Ridge above mine 065 43 Xgq foliation 
DMA: Ridge above mine 065 59 Xgq foliation 
HRS: south limb 080 65 Xgq foliation 
HRS: south limb 060 66 Xgq foliation 
HRS: South wash, south limb 045 65 Xgq foliation 
HRS: North limb 076 55 Xgq foliation 
HRS: North limb 054 34 Xgq foliation 
HRS: North limb 066 58 Xgq foliation 
DMA: Bell Pass, on south side 056 70 Xgq foliation 
DMA: Ridge south of Bell Pass 069 61 Xgq foliation 
DMA: Levee Tr 061 64 Xgs foliation 
DMA: Mine shaft SE of Levee Tr 060 71 Xgs foliation 
DMA: Slope just east of large fault 080 64 Xgs foliation 
DMA: West Dixie Mine 
anticline/North Limb 
060 70 Xgs foliation 
DMA: Ridge south of Bell Pass 070 59 Xgs foliation 
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Location Strike Dip Unit Type 
DMA: West side near mine Levee 
Trail 
057 64 Xgs foliation 
Tom's Thumb Trail -- Mountain 
Spring 
068 71 Xmq foliation 
DMA: Dixie Mine entrance 050 53 Xqms foliation 
DMA: 35 m west of mine entrance 060 54 Xqms foliation 
DMA: Dixie Mine 080 52 Xqms foliation 
DMA: Ridge above mine 085 39 Xqms foliation 
DMA: Ridge above mine 080 52 Xqms foliation 
South of DMA in QMS along Dixie 
Mine Trail 
051 65 Xqms foliation 
South of DMA in QMS along Dixie 
Mine Trail 
050 74 Xqms foliation 
South of DMA in QMS along Dixie 
Mine Trail 
070 71 Xqms foliation 
South of DMA in QMS along Dixie 
Mine Trail 
063 73 Xqms foliation 
South of DMA in QMS along Dixie 
Mine Trail 
062 61 Xqms foliation 
Dixie Mine 024 47 Xqms foliation 
SE trending ridge south of 
Thompson Peak 
066 58 Xqms foliation 
SE trending ridge south of 
Thompson Peak 
047 50 Xqms foliation 
SE trending ridge south of 
Thompson Peak 
068 52 Xqms foliation 
DMA south side east of Dixie Mine 078 60 Xqms foliation 
DMA: Peak NW of Dixie Mine 095 70 Xrq foliation 
DMA: Middle peak Dixie Mine area 080 88 Xrq foliation 
DMA: Prospector Trail near TP 
road split 
122 76 Xrq foliation 
  106 
Location Strike Dip Unit Type 
DMA: West DMA/North Limb 045 70 Xrq foliation 
DMA: Ridge above mine 075 58 Xrq foliation 
DMA: Ridge above mine 071 59 Xrq foliation 
DMA: Ridge above mine 050 62 Xrq foliation 
DMA: Ridge above mine 045 50 Xrq foliation 
DMA: Ridge above mine 080 65 Xrq foliation 
HRS: south limb 046 61 Xrq foliation 
HRS: south limb 075 57 Xrq foliation 
HRS: south limb 067 61 Xrq foliation 
HRS: south limb 048 57 Xrq foliation 
HRS: south limb 050 60 Xrq foliation 
HRS: south limb 045 67 Xrq foliation 
Dixie Mine trailhead area 078 54 Xtf foliation 
DMA: Streambed south of Xqms 
and Xrq contact 
095 57 Xtf foliation 
DMA: Near Dixie Mine trailhead 000 25 Xtf foliation 
Lost Dog Trail 081 62 Xtf foliation 
Lost Dog Trail 095 64 Xtf foliation 
Lost Dog Trail 075 71 Xtf foliation 
Lost Dog Trail -- Taliesin Overlook 062 61 Xtf foliation 
Lost Dog Trail -- Taliesin Overlook 090 64 Xtf foliation 
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Location Strike Dip Unit Type 
Dixie Mine Trail 072 50 Xtf foliation 
Dixie Mine Trail 085 63 Xtf foliation 
South of Thompson Peak 075 68 Xtf foliation 
South of Thompson Peak 064 38 Xtf foliation 
South of Thompson Peak 060 55 Xtf foliation 
Eastern edge of DMR towards 
Fountain Hills 
072 61 Xtf foliation 
South of Thompson Peak 065 71 Xtf foliation 
HRS: Near fold hinge 210 60 Xap bedding 
DMA: Prospector Trail east of Bell 
Pass 
070 70 Xmr bedding 
DMA: Prospector Trail and Jeep 
Trail juncture 
084 56 Xgq bedding 
DMA: Ridge due west of large fault 079 48 Xgq bedding 
HRS: Western side of south limb 268 68 Xgq bedding 
HRS: Middle of south limb 250 41 Xgq bedding 
HRS: Streambed south of south 
limb 
220 60 Xgq bedding 
HRS: Streambed south of south 
limb 
225 52 Xgq bedding 
HRS; north limb 081 61 Xgq bedding 
HRS; north limb 077 71 Xgq bedding 
HRS; north limb 063 66 Xgq bedding 
Tom's Thumb Trail 215 55 Xgq bedding 
NE Section at Granite/Xgq Contact 155 68 Xgq bedding 
  108 
Location Strike Dip Unit Type 
DMA: West Dixie Mine 
anticline/North Limb 
010 40 Xgq bedding 
DMA: West Dixie Mine 
anticline/North Limb 
038 60 Xgq bedding 
DMA: West Dixie Mine 
anticline/North Limb 
038 45 Xgq bedding 
DMA: West Dixie Mine 
anticline/North Limb 
010 68 Xgq bedding 
DMA: West Dixie Mine 
anticline/South Limb 
040 45 Xgq bedding 
DMA: West Dixie Mine 
anticline/South Limb 
038 62 Xgq bedding 
 
DMA: West Dixie Mine 
anticline/South Limb 
055 66 Xgq bedding 
DMA: Dixie Mine anticline/Ridge 
above mine 
070 58 Xgq bedding 
DMA: Dixie Mine anticline/Ridge 
above mine 
070 54 Xgq bedding 
Horseshoe: south limb 046 68 Xgq bedding 
Horseshoe: south limb 230 60 Xgq bedding 
Horseshoe: south limb 080 57 Xgq bedding 
Horseshoe: south limb 065 77 Xgq bedding 
Horseshoe: south limb 220 60 Xgq bedding 
Horseshoe: South side of wash; 
south limb 
050 78 Xgq bedding 
Horseshoe: South side of wash; 
south limb 
250 79 Xgq bedding 
DMA: West Dixie Mine SOUTH 
Limb 
012 40 Xgq bedding 
DMA: West Dixie Mine SOUTH 
Limb 
038 63 Xgq bedding 
DMA: West Dixie Mine SOUTH 
Limb 
019 65 Xgq bedding 
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Location Strike Dip Unit Type 
DMA: West Dixie Mine SOUTH 
Limb 
042 62 Xgq bedding 
DMA: West Dixie Mine SOUTH 
Limb 
050 66 Xgq bedding 
DMA: West Dixie Mine 
anticline/North Limb 
041 60 Xgq bedding 
DMA: West Dixie Mine SOUTH 
Limb 
045 43 Xgq bedding 
DMA: West Dixie Mine 
anticline/North Limb 
063 58 Xgq bedding 
DMA: West Dixie Mine 
anticline/North Limb 
070 49 Xgq bedding 
DMA: West Dixie Mine 
anticline/North Limb 
049 70 Xgq bedding 
DMA: West Dixie Mine 
anticline/North Limb 
053 66 Xgq bedding 
DMA: West Dixie Mine 
anticline/North Limb 
070 68 Xgq bedding 
HRS; south limb 055 76 Xgq bedding 
HRS: North limb 059 38 Xgq bedding 
HRS: North limb 066 51 Xgq bedding 
HRS: North limb 067 51 Xgq bedding 
DMA: Dixie Mine Ridge Fold 
Hinge 
330 50 Xgq bedding 
HRS: North limb 081 35 Xgq bedding 
HRS: North limb 077 43 Xgq bedding 
HRS: North limb 063 56 Xgq bedding 
HRS: Extreme south limb at the 
clastic rhyolite contact 
221 88 Xgq bedding 
HRS: Near fold hinge 218 21 Xgq bedding 
DMA: Ridge due west of large fault 058 51 Xgq bedding 
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Location Strike Dip Unit Type 
South of Thompson Peak 062 58 Xgs bedding 
greenschist north of east side of 
DMA 
056 76 Xgs bedding 
greenschist north of east side of 
DMA 
062 70 Xgs bedding 
DMA: West side near mine Levee 
Trail 
056 76 Xgs bedding 
Mountain Spring 064 74 Xgq bedding 
DMA: 55 m west of mine entrance 100 60 Xqms bedding 
DMA: 100 m west of mine entrance 098 48 Xqms bedding 
East of McDowell Peak 055 64 Xqms bedding 
South of Dixie Mine Ridgeline 070 55 Xqms bedding 
Ridge East of Dixie Mine Trail 051 46 Xqms bedding 
South of Thompson Peak 070 50 Xqms bedding 
South of Thompson Peak 080 52 Xqms bedding 
SE trending ridge south of 
Thompson Peak 
080 68 Xqms bedding 
DMA: Middle peak Dixie Mine area 075 62 Xrq bedding 
DMA: Prospector Trail near TP 
road split 
060 40 Xrq bedding 
DMA: Bell Pass Trail 075 74 Xrq bedding 
HRS: Western side of south limb 225 59 Xrq bedding 
HRS: Middle of south limb 075 65 Xrq bedding 
DMA: Ridge due west of large fault 230 40 Xrq bedding 
HRS: Western side of south limb 230 60 Xrq bedding 
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Location Strike Dip Unit Type 
DMA: Dixie Mine anticline/Ridge 
above mine 
140 58 Xrq bedding 
HRS: south limb 230 70 Xrq bedding 
HRS: south limb 190 71 Xrq bedding 
HRS: Fold Hinge 150 21 Xrq bedding 
DMA: West Dixie Mine 
anticline/North Limb 
080 46 Xgq foliation 
DMA: Dixie Mine anticline/Ridge 
above mine 
090 50 Xrq bedding 
DMA: West DMA/North Limb 
 
065 62 Xgq foliation 
South of DMA in QMS along Dixie 
Mine Trail 
075 53 Xqms foliation 
Bell Pass 048 60 Xrq foliation 
DMA: West Dixie Mine 
anticline/North Limb 
060 50 Xgq foliation 
DMA: West Dixie Mine 
anticline/North Limb 
070 90 Xgq foliation 
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APPENDIX B 
PETROGRAPHIC THIN SECTIONS 
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Shear bands in Xrq Magnetite crystal in Xtf 
Rotated porphryclasts in Xgs Shear bands and porphryclasts in Xgs 
Shear bands in Xgq Fractures in quartz antithetical to shear in Xrq 
10 μm 10 μm 
10 μm 
10 μm 
10 μm 
10 μm 
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APPENDIX C 
GEOLOGICAL MAP OF THE MCDOWELL MOUNTAINS 
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